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ABSTRACT 

Allan, Wi l l iam Lorimer, Ph.D., Purdue Universi ty,  January 1958. 

An Experimental Invest igat ion o f  the Aerodynamic Force Character ist ics 

o f  a J e t  Issu ing Transverse t o  a Wedge, Major Professor: Bruce A. 

Reese. 

The aerodynamic i n te rac t i on  o f  a sonic j e t  issu ing from a 15' 

wedge w i t h  a transverse supersonic stream produces a s ide force due t o  

flow in te rac t i on  i n  add i t ion  t o  the j e t  thrust .  The magnitude o f  t h i s  

i n te rac t i on  force equals o r  even exceeds the value o f  the j e t  thrust .  

There i s  a substant ia l  lack o f  agreement i n  the l i t e r a t u r e  as t o  the 

e f fec t  o f  the f low parameters on the j e t  in te rac t ion ;  the  pred ic t ion  o f  

the f low in te rac t i on  f o r  any given se t  o f  circumstances i s  i n  terms o f  

empir ical  "scaling" laws. Over the  range o f  experimental conditions * 

employed i n  the published research there i s  substant ia l  agreement as t o  

a physical model. This model i s  based on the i n v i s c i d  o r  i n e r t i a l  ef fects 

o f  the i n te rac t i on  o f  a j e t  issu ing from a f l a t  p late.  

The experimental conditions f o r  t h i s  study were as fo l lows: 

Primary stagnation pressure: 100 ps ig  

Primary stagna ti on tempera t u  r e  : Ambi en t 

Free stream Mach number: 1.90 

Secondary stagnation pressure: 50 t o  250 ps ig  

Secondary stagnation temperature: Ambient 

Secondary Mach number: 1 .OO I 
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Secondary gases: Air, argon, ethane, helium, nitrogen 

The model was a 15' two-dimensional wedge w i t h  a variable width 

two-dimensional injection slot .  The angle-of-attack of the model could 

be varied between -5 and +15O, 

Data acqufsftlon was by means of  spark shadowgraphs of the flow 

field and surface pressure taps on the model. 

were measured by means of mercury manometers. 

The surface pressures 

The results of this study employing flow visualization and the 

measurement of surface pressure distributions on the wedge do not agree 

w i t h  previously published f l a t  plate  results. 

experiments show a more abrupt separation ahead of the s lot ,  a shorter 

separation region and a thicker boundary layer o r  wake downstream of the 

"reattachment" p o i n t  than the previous f l a t  plate experiments. These 

differences may be a l l  attributed t o  the higher viscous forces; i n  

previous published experiments a t  lower values of free stream s ta t ic  

pressure, the inviscid or inertial effects were considered dominant. 

The results from these 

The results of the experiment may be summarized,as follows: 

a. As the angle-of-attack is  increased from 0' the magnitude of  

the j e t  interaction i s  decreased for fixed free stream conditions and 

j e t  stagnation pressure. 

b. The effect of angles-of-attack between +5O and +15O and a 

range of values for the secondary stagnation pressure of 50 t o  250 psig 

i s  predicted by the following expression: 

where n i s  a function of j e t  stagnation pressure. 
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c. An increase i n  weight f low ra te  o f  the i n jec tan t  increases 

the in te rac t ion  force. This e f f e c t  i s  a maximum a t  0' angle-of-attack 

and i s  diminished by both pos i t i ve  o r  negative angles-of-attack, and i s  

enhanced by an increase i n  secondary stagnation pressure. 

d. A moderate change i n  the molecular weight o f  the secondary 

i n jec tan t  as the a i r  i s  changed t o  argon, ni t rogen o r  ethane, does no t  

s i g n i f i c a n t l y  a f f e c t  the in teract ion.  A large change i n  molecular 

weight, a i r  t o  helium increased the force, Fi t F by approximately 20%. J '  
e. A 50% change i n  the spec i f i c  heat ra t i o ,  k, d i d  not a f f e c t  

the in te rac t ion  f o r  condit ions of approximately equal molecular weight 

(ethane and ni t rogen) and w i th  an average temperature d i f f e r e n t i a l  o f  

120°F between the primary and secondary stream s t a t i c  temperature. 
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I .  INTRODUCTION 

The mission envelope for many spacecraft and rockets requires 

ac t ive  guidance and control  both w i t h i n  and beyond the ear th 's  atmos- 

phere. A unique approach for  a contro l  system would be t o  employ a 

s ing le  system t o  provide the required maneuver capab i l i t y  throughout 

the f l i g h t  envelope. 

independent o f  main engine operation. 

It would also be desirable t h a t  such a system be 

The use o f  a j e t  react ion device i s  a t t r a c t i v e  because contro l  may 

be ef fected over the wide range o f  operational conditions w i th in  and 

beyond the ear th 's  atmosphere. 

j e t  i s  a funct ion only o f  the f l u i d  momentum and the pressure a t  the 

nozzle e x i t  plane. For operation w i th in  the atmosphere the avai lab le 

contro l  force depends on the aerodynamic in te rac t ion  w i th  the external 

f low as we l l  as the react ion force o f  the j e t .  Under most conditions 

the actual  cont ro l  force i s  increased during operation i n  the denser 

regions o f  the atmosphere; as i s  the control  force requirements. However, 

i n  many appl icat ions a j e t  react ion contro l  system cannot provide the 

required force l eve l s  wi thout undue volume and weight penalties; 

t yp i ca l l y ,  t h i s  includes control  systems f o r  high ve loc i ty ,  shor t  range 

I n  vacuum, the contro l  force due t o  the 

miss i les designed f o r  use i n  a n t i - b a l l i s t i c  m iss i l e  defense systems. 

For operation w i th in  the ear th 's  atmosphere, a new technique i s  

being widely explored tha t  appears capable o f  providing very high force 

levels,  along w i th  very large values of spec i f i c  impulse. This technique 
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i s  re fer red t o  as "External Burning" o r  I'EB", and involves the use o f  a 

l i q u i d  pyrophoric fuel. This fue l  i s  in jec ted  i n t o  the f ree stream 

adjacent t o  the f l i g h t  vehic le and a control  force i s  produced by the 

combination o f  the j e t  t h rus t  and the combustion o f  the i n jec tan t  w i t h  

the oxygen i n  the f ree stream. The pyrophoric fue ls  under current 

i nves t i  gat i on  are t r i e  thy ha1 umf num, a1 umi num borohydride, and pen ta- 

borane. Thermochemical calculat ions fo r  these fue ls  p red ic t  a spec i f i c  

impulse o f  the order o f  6000 seconds. 

inherent i n  high spec i f i c  impulse, EB exh ib i ts  the high dynamic response 

normally associated w i th  j e t  react ion devices. 

I n  addi t ion t o  the advantages 

Unfortunately, EB has some marked disadvantages. The predic t ion o f  

the r a t e  o f  the breakup and vaporization, and the mixing o f  the f l u i d  

j e t  w i t h  the a i r  stream i s  a very d i f f i c u l t  task. Many external factors 

influence t h i s  process and i n  s p i t e  o f  much research, progress has been 

disappoint ingly slow. Another problem w i th  €B i s  the operational use o f  

pyrophoric fue ls  because o f  the spontaneous combustion character ist ics.  

S t i l l  another obvious im i ta t i on  i s  the f a c t  t ha t  the f l i g h t  envelope 

o f  a vehicle u t i l i z i n g  an EB system i s  l i m i t e d  t o  those port ions o f  the 

atmosphere where there i s  s u f f i c i e n t  oxygen present t o  support the pyro- 

phor ic react ion i n  close proximity to  the f l i g h t  vehicle. 

There i s  no discussion i n  the l i t e r a t u r e  o f  the p o s s i b i l i t y  o f  

blending j e t  react ion control  and external burning i n t o  a s ing le  control  

technique - a technique useful both w i th in  and beyond the atmosphere and 

independent o f  main engine operation. 

system may be feasible. This research program i s  concerned w i th  j u s t  

such a combined j e t  react ion and €6 control  concept. 

However, i t  appears t h a t  such a 

It would employ an 
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underoxidized monopropellant i n  l i e u  o f  e i t h e r  a l i q u i d  pyrophoric j e t ,  

o r  a hot  gas react ion system. The monopropellant would be decomposed i n  

a gas generator, releasing perhaps 20% o f  i t s  heating value, and the ho t  

gas would then be expanded through a nozzle t o  provide j e t  react ion 

control .  Typica l ly  such a system could u t i l i z e  hydrazine with c a t a l y t i c  

decomposition, o r  a combination o f  hydrazine and N204. Where the f l i g h t  

regime permits, the control  force would be enhanced by the external 

burning. As the dynamic f ree stream pressure increases, the control  

force requirements increase as does the amount o f  volume expansion t h a t  

could occur f r o m  external burning. Conversely, i n  vacuum, there i s  no 

external burning and the avai lable control  force i s  a t  a minimum; but 

the control  force requirements are also a t  a minimum. 

f l i g h t  regime and a t t i tude ,  there would always be a usable leve l  o f  

control  force avai lable, That i s  not  t rue o f  an external burning system 

t h a t  employs a l i q u i d  j e t .  The use o f  a monopropellant would also remove 

one o f  the p r i n c i p l e  d i f f i c u l t i e s  i n  obtaining consistent external 

burning - the pred ic t ion  o f  j e t  breakup and vaporization. 

Regardless o f  

The coincident loca t ion  wel l  forward on the f l i g h t  vehicle o f  the 

two methods o f  force generation does no t  give r i s e  t o  inconsistency. 

Much o f  the l i t e r a t u r e  considers the in te rac t ion  phenomena o f  a transverse 

j e t  as a j e t  f l a p  and thus the argument tha t  the j e t  should be located 

wel l  a f t  on the body t o  minimize the e f fec ts  o f  the decrease i n  the 

pressure f i e l d  immediately downstream o f  the i n j e c t i o n  point .  

ly, i t  i s  apparent t ha t  the i n j e c t i o n  p o i n t  f o r  external burning should 

be we l l  forward on the f l i g h t  vehicle t o  al low s u f f i c i e n t  length fo r  the 

combustion t o  occur i n  close proximity to  the body. 

Converse- 

I n  the case of the 
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combined system, when i n  vacuum i t  acts as a j e t  react ion control,  n o t  

as a j e t  f lap;  and w i t h i n  the atmosphere the burning prevents the 

creat ion o f  a low pressure f i e l d  a f t  o f  the i n j e c t i o n  point. 

The i n j e c t i o n  o f  a f l u i d  i n t o  a supersonic stream f o r  the purpose 
* 

of producing a control  force has been studied ac t ive ly  since 1952 . 
Studies and applications ~ e n e r a l l y  f a l l  i n t o  three categories: 

i n j e c t i o n  o f  a f l u i d  i n t o  a rocket exhaust nozzle, transverse t o  the 

main flow, 2) i n j e c t i o n  o f  i n e r t  f l u i d s  i n t o  external supersonic flow, 

and 3)  the i n j e c t i o n  o f  f ue l  i n t o  the a i r  f lowing external t o  a super- 

sonic f l i g h t  vehicle, o r  external burning. Although there are some 

differences i n  the phenomena associated w i t h  the f i r s t  two cases, those 

dif ferences are no t  as important as the dif ferences introduced by ex- 

ternal  combustion. As mentioned above, when an i n e r t  f l u i d  i s  in jec ted  

i n t o  an exhaust stream o r  an external supersonic flow, a control  force 

i s  produced which i s  made up o f  two components, a j e t  reaction force and 

an aerodynamic in te rac t ion  force. The l a t t e r  i s  associated w i th  a l oca l  

increase i n  pressure i n  the region o f  boundary layer  separation and an 

increase i n  pressure downstream o f  a shock wave which i s  produced by the 

in ject ion.  This i s  shown i n  Fig. 1. When the in jec tan t  i s  a l i q u i d  tha t  

1) the 

vaporizes, addi t ional  force may be introduced which i s  re la ted  t o  the 

volume change produced by the evaporation o f  the l i q u i d .  

I n  external burning, the aerodynamic in te rac t ion  force i s  amplif 

by the heat release and the volume increase associated w i t h  the combus 

ed 

i on 

* 
The review o f  the l i t e r a t u r e  per t inent  t o  t h i s  invest igat ion i s  
presented i n  Appendix B. 
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process 

Fig. 2 depicts the s i x  i n te r re la ted  phenomena tha t  contr ibute t o  

the overa l l  effect iveness o f  the control  system u t i l i z i n g  such a 

technique : 

1, The dynamics o f  the f l u i d  j e t  and the ne t  momentum f l ux .  

2. The separation o f  the boundary layer  upstream from the po in t  o f  

i n j e c t i o n  and the pressure d i s t r i b u t i o n  w i th in  the separated 

region as a funct ion of freestream conditions, upstream 

ablat ion,  etc. 

3. The formation o f  an obl ique shock a t  the po in t  o f  separation 

and the pat tern o f  compression and ra re f rac t ion  waves t h a t  

form downstream o f  t h i s  shock, 

4, The process o f  j e t  breakup, evaporation and mixing. 

5. The combustion process. 

6. The flame-shock in teract ion.  

Items 1-4 are sometimes grouped together and refer red t o  as the "pre- 

i g n i t i o n  stage" ( l ) ,  however, the combustion process cannot be c lea r l y  

separated from i t s  e f fec ts  on Item 4. 

I n  order t o  e f f e c t i v e l y  describe the phenomena o f  external burning 

i n  an analy t ica l  fashion, i t  i s  necessary t o  use both the primary and 

secondary f low parameters as model inputs. As de ta i led  i n  the Review o f  

the L i te ra tu re  (Appendix B), there i s  a lack o f  substant ia l  agreement as 

t o  the e f f e c t  of these flow parameters, w i th  respect t o  e i t he r  an i n e r t  

secondary i n jec tan t  o r  a combustible secondary in jec tan t .  I n  the case 

o f  an i n e r t  in jec tan t  , several theories appear appl icable depending on 

the range o f  the experimental data (2-29, 97-101). 

agreement than i n  the case o f  i n e r t  in jec tan ts  and i s  fu r ther  compounded 

For  EB, there i s  less 
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by the f a c t  t h a t  the theories are c losely t i e d  t o  model geometry 

(30-96). 

The actual choice o f  input  parameters i s  a rb i t ra ry ,  providing t h a t  

the chosen primary and secondary sets f u l l y  describe the f l w  f i e l d .  The 

primary input  parameters chosen f o r  t h i s  invest igat ion (20) were: f ree  

stream Mach number, f ree stream t o t a l  pressure, f ree  stream t o t a l  

temperature, and angle-of-attack. The secondary input  parameters were: 

s ize and geometry o f  i n j e c t i o n  o r i f i c e ,  secondary t o t a l  pressure, 

secondary t o t a l  temperature, and species o f  in jectant .  

The experimental por t ion  o f  t h i s  research invest igat ion i s  en- 

visioned t o  comprise two phases: a) an invest igat ion o f  the f low f i e l d  

produced by the i n t e r a t i o n  of an inert*gas in jec ted  through the surface 

o f  a wedge and b)  a s i m i l a r  invest igat ion w i t h  combustible in jectants.  

The purpose o f  the f i r s t  phase, which i s  the subject o f  t h i s  research 

program, i s  t o  more c lear ly  define the effects o f  the secondary f low 

parameters p r i o r  t o  combustion. 

* 
Ethane was used as one o f  the in jectants.  
considered as an i n e r t  gas, a t  the temperature involved (4210 R) 
i t  was e f f e c t i v e l y  non-reactive. 

While i t  i s  no t  normally 
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2. METHOD OF INVESTIGATION 

2.1 General Discussion 

The techniques selected t o  invest igate the e f fec ts  o f  the secondary 

f low parameters was t o  u t i 1  i ze  a two-dimensional supersonic wind tunnel 

and a wedge model. The de ta i l s  o f  the apparatus and model are presented 

i n  Appendix C and i n  Figs. 3, 4, and 5, Figure 3 shows the wedge model 

i n s t a l l e d  i n  the tunnel. The f low i s  f rom l e f t  t o  r i gh t .  I n  the 

foreground i s  the spark source, 

o f  5'. Behind the model and f a r  

screen. Figure 4 i s  an exploded 

sections o f  the model are butted 

plates. Figure 5 i s  .a schematic 

s~ 

The model i s  shown a t  an angle-of-attack 

tunnel wal l  i s  mounted the ground glass 

view o f  the model. The fo re  and a f t  

together and held i n  place by the side 

o f  the flow system, The primary a i r  

goes from the supply tanks, through the regulator system, i n t o  the 

plenum chamber, and through the tunnel. The secondary gas i s  fed from 

the supply tanks through a remote dome loaded valve, i n t o  the secondary 

plenum and then through the model and the i n j e c t i o n  s lo t .  Both plenum 

chambers have stagnation temperature and pressure probes. The aero- 

dynamic in te rac t ion  o f  a j e t  transverse t o  a supersonic stream i s  an 

extremely complicated phenomenon. The reduction t o  two dimensions reta ins 

the fundamental f low structure,  eliminates several o f  the secondary 

interact ions,  i .e., wrap-around, and permits straightforward in te rpre ta-  

t i o n  o f  the shock s t ruc tu re  by means o f  shadowgraph photiography. 

I 

The experimental por t ion  o f  t h i s  program u t i l i z e d  a 15' wedge 
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model which was inser ted i n t o  the e x i t  stream o f  a two-dimensional super- 

sonic wind tunnel. A i r  o r  i n e r t  gas was in jec ted  perpendicular t o  the 

surface of the wedge t h r u  a sonic s l o t  al igned perpendicular t o  the 

supersonic flow. 

s t a t i c  pressure taps on the wedge surface. These taps were arranged 

long i tud ina l l y  on e i t h e r  side o f  the s l o t  a t  center l ine distances of ,050 

inches. The resu l tan t  shock s t ructure was reproduced concurrently w i t h  

the pressure map by conventional spark shadowgraph photography. 

Surface pressures on the wedge were obtained from 

2.2 Experimental Conditions 

The primary and secondary a i r  supply f o r  the experiment was pro- 

vided from a system o f  high pressure a i r  tanks. When f u l l y  pressurized 

t o  2500 psig, t h i s  a i r  supply would provide f o r  f i v e  minutes o f  operation 

a t  a mass f low r a t e  o f  approximately 20 pounds per second. The t o t a l  

temperature o f  the a i r  supply was subject t o  diurnal  and seasonal 

var iat ions,  and the lapsed time from fil l. Over the several experimental 

runs, the var ia t ion  o f  t o t a l  temperature o f  the primary and secondary 

f low was a maximum o f  24' F. The secondary supply f o r  the i n e r t  gases, 

nitrogen, ethane, helium and argon, consisted o f  standard bo t t les  which 

were maintained a t  ins ide  ambient temperature. 

The t o t a l  pressure o f  the primary and secondary flows were main- 

ta ined within one ps ig o f  design conditions by the regulator systems. 

The wedge model was mechanically secured w i t h  respect t o  the 

center l ine o f  supersonic nozzle t o  an accuracy o f  one minute o f  arc. 

The s t a t i c  pressure var ia t ion  o f  the surface o f  the wedge was 

obtained by means o f  a system o f  manometers; the readings were recorded 

t o  the nearest tenth o f  an inch o f  mercury. 
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2.3 Parameters 

2.3.1 Angle of Attack 

The angle o f  attack o f  the wedge model was varied from -5 degrees 

t o  15 degrees i n  5 degree increments. 

2.3.2 Mol ecul ar Speci es of Injectant 

The principal experiments were run using dry a i r  as an injectant. 

In order to  evaluate the effect of density variations, several wns were 

using nitrogen, helium, and argon i n  sequence. The primary and secondary 

flow total temperature and pressure was held constant and the secondary 

injectant was changed by means of a three-way valve system. The effect 

of density variation was obtained by a comparison of the corresponding 

shadowgraph pictures and the pressure maps of the model surface. 

2.3.3 Mass Flow Rate of Injectant 

The mass flow rate was increased by increasing the w i d t h  of the 

inject on slot. 

maintained a t  0.012 inches. 

slot  wid th  of 0.024 inches and the corresponding results were compared 

w i t h  respect to  the shadowgraph pictures and the pressure maps. 

In  the first series of experiments-, the slot w i d t h  was 

This series was later reproduced w i t h  a 

2.3.4 Total Pressure of Injectant 

During each run, the total pressure of the injectant was varied 

from 50 ps ig  to  250 psig i n  five equal increments. 

2.3.5 Specific Heat of Injectant 

A run was made u t i l i z i n g  nitrogen and ethane as the injectants. 

The molecular weight and specific heat a t  constant pressure, Cp,  for 
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nitrogen are 28.02 and 0,245 (399' R) ,  whereas the values f o r  ethane are 

30.07 and 0,367 (421' R) ,  The experiment was conducted a t  secondary 

stagnation pressures o f  50 and 100 psig, 
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3. RESULTS 

The data from the experimental inves t iga t ion  i s  presented i n  two 

forms : 

a. shadowgraph p ic tures o f  the f low f i e l d ;  and 

b, surface pressure d i s t r i bu t i ons  on the wedge model. 

The purpose o f  the photographic data was t o  provide i ns igh t  as t o  

the s t ruc tu re  o f  the f l o w  f i e l d  i n  terms o f  shock formation, boundary 

layer  separation, l eve l  o f  turbulence, etc. I n  addition, when possible, 

masurements were made from the scaled photographs t o  check separation 

distances, height o f  separated regions, and penetrat ion height o f  the 
I 

secondary j e t .  

The surface pressure measurements were used t o  obta in  po ints  o f  

boundary layer  separation, in tegrated values o f  the s ide force due t o  

the j e t  in teract ion,  and t o  der ive scal ing parameters. 

3.1 Flow Visual izat ion 

Shadowgraphs of the flow f i e l d  produced by the transverse sonic 

j e t  are presented i n  Figs. 6-20. 

r i g h t  t o  l e f t .  The v e r t i c a l  etched l i n e  represents the e x i t  plane of 

the nozzle blocks. S ign i f i can t  f low parameters are presented on each 

photograph. Moving from r i g h t  t o  l e f t  i n  the photographs, the oblique 

shock a t  the t i p  o f  the wedge i s  followed by a separation shock a t  the 

p o i n t  o f  boundary l a y e r  separation. A t  the po in t  o f  boundary l aye r  

separation the boundary l aye r  i s  turbulent, w i t h  a length Reynolds number 

I n  these photographs, the f low i s  from 



of a t  least 7 x lo6. The separation shock merges w i t h  a bow shock caused 

by the secondary je t .  Between the separation and bow shocks, there is a 

region of boundary layer separation on the wedge surface. Downstream of 

the s lo t  is  a second region of boundary layer separation which terminates 

i n  o r  is intersected by a recompression wave. The apparent boundary 

layer or wake downstream of the recompression wave shows large scale 

turbs and the boundary layer o r  wake is approximately ten times thicker 

than  the boundary layer prior t o  the i n i t i a l  separation upstream of the 

slot. 

be observed t h a t  originates a t  the surface of the nozzle block a t  the 

exit plane. This wave traverses the flow field intersecting the surface 

of the wedge downstream of the recompression wave. 

can be seen which i s  due t o  the intersection of the forward oblique 

shock and the slip line between the flow from the nozzle blocks and 

atmosphere. In an attempt t o  avoid the interference effects because of 

the aforementioned Mach wave, the "cutoff point" for the integration o f  

surface pressure was chosen as 0.70 inches downstream of the slot .  

was i n  a l l  cases, except the 0' and -5' angle of attack cases, a t  least 

five boundary layer thicknesses upstream of the p o i n t  of interaction. 

In the upper right hand corner of the photograph a Mach wave may 

A second Mach line 

T h i s  

In most cases, the size and shape of the separate zones, as well 

as the penetration height o f  the secondary j e t  can be determined from 

the photographs. The zones are outlined i n  Fig.  6. 

from Fig. 6 that the boundary layer o r  wake downstream of the recom- 

pression wave is  highly turbulent. 

I t  is also evident 

From a comparison of the various photographs taken under different 

test conditions, the following general observations may be made: 
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a. For a given angle-of-attack and s l o t  width, an increase i n  

secondary pressure increases the s ize  o f  the separated zones and the 

height o f  penetrat ion o f  the secondary j e t .  

b. For a given s l o t  width and secondary pressure, there i s  l i t t l e  

var ia t ion  i n  s ize  and shape o f  the separated zones as a funct ion o f  

angle-of-attack, However, the overa l l  shock s t ructure i s  inc l ined  more 

downstream as the angle-of-attack decreases. 

c. A t  constant angle-of-attack and constant secondary pressure, 

the d i f f e r e n t  gases a l l  e x h i b i t  a very s i m i l a r  boundary layer  separation 

and shock structure. 

The unsteadiness of the flow, which i s  evidenced by the shock 

s t ructure i n  several o f  the photographs i s  a t t r i b u t e d  p r i n c i p a l l y  t o  the 

mechanical v ib ra t ion  o f  the tunnel. This v ib ra t ion  i s  a r e s u l t  o f  the 

hlgh f low r a t e  o f  the primary a i r  coupled w i t h  the lack o f  damping 

associated w i t h  the cant i lever  construction. 

under ident ica l  conditions demonstrated tha t  the v ib ra t ion  d i d  not  a f f e c t  

the reproduc ib i l i t y  o f  the data systems. 

A comparison o f  runs made 

In  some of the photographs i t  was not possible t o  i d e n t i f y  the 

penetrat ion height o f  the secondary flow. This i s  considered t o  be 

caused e i  ther  by turbulence associated w i th  the separated zones and/or 

a lack o f  s u f f i c i e n t  l o c a l  contrast r a t i o  on the shadowgraph negative. 

For the experiments a t  angles-of-attack o f  0 and -5 degrees, i t  

was determined t h a t  the i n i t i a l  pos i t ion o f  the model w i t h  respect t o  

the nozzle blocks caused choking o f  the f low on the underside o f  the 

model. 

leading edge o f  the model was a t  the e x i t  plane o f  the nozzle blocks. 

For these runs, the model was moved downstream so tha t  the 
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3.2 Pressure Data 

The pat tern o f  pressure measurements was changed s l i g h t l y  f o r  the 

various series o f  experimental runs t o  obtain a f i n e r  coverage i n  the 

areas of f low in teract ion.  The var ia t ion  i s  de ta i led  i n  the tables i n  

Appendix F, The actual experiment was conducted i n  three successive 

series, I n  the f i r s t ,  a t  a s l o t  width o f  0.012 inches, a complete se t  

of var iab le angle,-of-attack and secondary i n j e c t i o n  pressure experiments 

were run wi th  a i r  as the i n jec tan t  t o  provide a basis f o r  the detemina- 

t i o n  of the ef fect  of mass f low r a t e  and t o  gain experience i n  operating 

the tunnel. I n  general, the shocks were too close together t o  separate 

photographical ly and thus determine the f i n e  var iat ions i n  the f low 

f ie ld .  A second ser ies o f  experiments were conducted w i th  a i r  as the 

secondary gas a t  a s l o t  width o f  0.024 inches. I n  t h i s  case, the f low 

disturbance was large enough t o  photograph w e l l ,  but no t  so large as t o  

react  w i t h  the boundaries o f  the tunnel. Besides resu l ts  on the e f f e c t  

o f  mass flow, t h i s  ser ies was used f o r  the evaluation o f  the e f f e c t  o f  

the var ia t ion  secondary pressure w i t h  respect t o  angle-of-attack. The 

l a s t  ser ies was run a t  constant angle-of-attack (+5 degrees) w i th  various 

secondary gases. 

As seen from the resu l ts  tabulated i n  Appendix F, considerable 

more scat ter  i s  evident i n  the pressure f i e l d  upstream o f  the onset o f  

separation during the experiments conducted a t  a s l o t  width o f  0.012 

inches than i s  the case f o r  the runs a t  the 0.024 s l o t  width. The 

increased sca t te r  i s  a t t r i bu ted  t o  small changes i n  model geometry 

caused by the "balloon e f f e c t "  o f  the high gas pressure ins ide the model. 

When the model was disassembled f o r  the purpose o f  enlarging the s lo t ,  
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d is to r t ions  were noted on the wedge surface commencing approximately 1.5 

inches upstream and downstream o f  the s lo t ,  Therefore, the in te rna l  

s t ructure was reinforced and no d i s t o r t i o n  was encountered i n  subsequent 

experiments. No s t ruc tu ra l  deformation was noted i n  the v i c i n i t y  o f  the 

i n j e c t i o n  s l o t  i n  any o f  the experiments. 

Mercury leaks and the p a r t i a l  plugging o f  the pressure taps by 

dessicant were problems t h a t  ex is ted throughout the experiment. A loss 

of data from a manometer tube was a t t r i bu ted  one o r  the other o f  these 

fau l ts  i n  every case. On the average, four manometer tubes out o f  56 

f a i l e d  t o  reg is te r  proper ly during any given run. 

The c r i t e r i o n  employed t o  locate the separation upstream o f  the 

s l o t  was t o  se lec t  as the po in t  o f  separation the pressure tap loca t ion  

j u s t  p r i o r  t o  the large pressure increased caused by the p o i n t  o f  separa- 

t ion,  as shown i n  Fig. 22. Figure 22 presents the surface pressure as 

a funct ion o f  length f o r  the condit ion shown on the f igure.  

t i o n  determined from pressure measurements was i n  good agreement w i th  

scaled measurements from the shadowgraph, e.g. w i th in  0.05 inches. The 

loca t ion  o f  the reattachment pos i t ion  downstream o f  the s l o t  was more 

d i f f i c u l t  t o  determine. The shadowgraph pictures were, on the whole, less 

d i s t i n c t  because o f  the turbulence. The c r i t e r i o n  used t o  designate the 

reattachment loca t ion  was t o  se lect  the f i r s t  peak pressure i n  the mano- 

meter data a f t e r  the s l o t  as labeled i n  Fig, 22. For values o f  w = 15O, 

loo, 5' the f i r s t  peak pressure was w i th in  the in tegra t ion  length used t o  

derive the in te rac t ion  force. For values o f  w = 0' and -5', the pressure 

data do not permit establ ishing a consistent c r i t e r i o n  f o r  determining 

reattachment. 

The separa- 

Pressure maps o f  the normalized pressure (Ps + P-), as a 
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funct ion o f  X f o r  the 0.024 s lo t ,  a i r  as the i n j e c t a n t  and Pos = 150 psia, 

are presented i n  Figs. 21-25. This i s  p l o t t e d  as (Ps + Pos)/Pos vs X. 

3.3 Cal cu l  at ions 

The calculated f low parameters were obtained using isen t rop ic  

tables f o r  a i r ,  i n  the case o f  a i r ;  and isentrop.ic per fec t  gas tables i n  

the case o f  other gases. The secondary j e t  momentum th rus t  was calculated 

by assuming isen t rop ic  flow w i th  a discharge coe f f i c i en t  of u n i t y  and 

the measured wedge surface pressure as the back pressure. 

3.4 Influence o f  Selected Parameters 

The parameters in f luenc ing the side force produced by the second- 

ary gas i n j e c t i o n  and the nature o f  the f low disturbances are: 

a. the secondary gas f low rate, W s .  

b. the secondary stagnation pressure, Pos. 

c. the secondary gas properties, Ps, Ts, k, molecular weight. 

d. the angle-of-attack. 

3.5 The Effect o f  A Change i n  Weight Flow Rate 

The weight f low ra te  was changed by changing the area o f  the s lo t .  

The r a t i o  o f  the areas o f  the two s l o t  widths employed i n  t h i s  experiment 

was 1.93, 

expanded from 0.012 inches t o  0.024 inches, however, the span was 

I n  the second ser ies o f  experimental runs the s l o t  width was 

decreased i n  order t o  strengthen the model and t o  insure against bowing 

due t o  the high i n te rna l  pressures. The addi t ional  force, Fi + Fj, 

a t t r i bu ted  t o  the change i n  weight f low r a t e  increased w i th  increasing 

; the increase was less a t  e i t h e r  pos i t i ve  o r  negative angle-of- 

a t tack than a t  0' angle-of-attack. There was considerable sca t te r  i n  
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the data and no cor re la t ion  or predic t ion parameter was obtained. The 

sca t te r  i s  a t t r i b u t e d  p r i m a r i l y  t o  the small scale o f  the in te rac t ion  

e f fec ts  a t  the small s l o t  width. The average increase i n  the force, 

Fi + F due t o  the approximate doubling of the secondary weight f low r a t e  

was 1.40 a t  0' angle-of-attack. 
j 

3.6 The E f f e c t  o f  A Change i n  Molecular Weight 

There were minor changes i n  the character o f  the f low f i e l d  and 

the pressure f i e l d  due t o  changing the i n j e c t a n t  from a i r  t o  argon, 

nitrogen o r  ethane. 

in te rac t ion  force as a funct ion secondary gas pressure f o r  a i r ,  argon, 

helium, ni t rogen and ethane. 

20% higher than the other  gases. This was most evident i n  the downstream 

pressure d is t r ibut ions.  

obtained by Newton and Spaid (12). 

Figure 26 presents the sum o f  the j e t  th rus t  and 

The t o t a l  force f o r  helium averaged about 

This i s  i n  good agreement w i t h  the resu l ts  

I n  an as y e t  unpublished experiment a t  the J e t  Propulsion Center, 

R.D. Guhse a l te rna te ly  in jec ted  hot and co ld a i r  through a s l o t  trans- 

verse t o  a Mach 2.6 f r e e  stream. The in teract ions i n  both cases were 

almost ident ica l .  A comparison o f  the Al lan and Guhse experiments 

indicates t h a t  the composition o f  the mixture downstream o f  the i n j e c t o r  

may be more important than the density. 

3.7 The Effect o f  Charge o f  Speci f ic  Heat Ratio 

An experiment was conducted a t  an angle-of-attack o f  5' and 

secondary stagnation pressures o f  50 and I00 psig w i t h  ni t rogen and 

ethane. The molecular weight and spec i f i c  heat a t  constant pressure f o r  

nitrogen are 28.02 and 0.245 (399'R); and f o r  ethane, 30.07 and 0.367 
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(421 OR) respec t i  vel y . 
There was no discernable difference i n  the flow structure or the 

pressure fields for  the alternate injection of nitrogen and ethane. 

T h i s  would indicate t h a t  a variation i n  the specific heat r a t i o  has 

l i t t l e  or  no effect on the interaction between the j e t  and the free- 

stream for the conditions of the experiment where the difference between 

the s t a t i c  temperature of the primary and secondary stream was approxi- 

mately 1 3OoF. 

3.8 The Effect of Changes i n  Angle-of-Attack 

Figure 27 presents the sum of the j e t  and interaction force, 

Fi + F as a function of the secondary injection pressure Po, for various 

angles-of-attack. 

dramatic changes )n the results of a l l  the parameters investigated. 

following results were observed: 

j 
Variations i n  the angle-of-attack produced the most 

The 

a. The resultant force, Fi + F .  increased w i t h  increasing values J 
of Po, for a l l  angles-of-attack. 

b. The resultant force, Fi + F.  decreased between w = 0' and J 
u = -5' for each value o f  Pos. 

angle-of-attack ( + 5 O ) ,  increased a t  w = loo, and decreased for w = 15' 

c. The resultant force, Fi t F i n i t i a l l y  decreased for positive 
j 

for each value o f  Po,. 

d. The flow interaction for values o f  w = Oo, -5' extended down- 

stream past the p o i n t  of Mach line interaction from the nozzle exit  plane. 

This resulted i n  considerable scatter i n  the da ta  obta ined  dur ing  these 

experiments. 

e. The length of the region of boundary layer separation 
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upstream and downstream of the s l o t  increased for increasing values of 

Pas and decreased w i t h  increasing angles-of-attack, s ta r t ing  a t  

w = -5'. 

w =15', both s l o t  widths, and Pos = 50 psig, the secondary j e t  was 

subson i c . 

The j e t  was sonic for  a l l  other experiments except for  

A prediction factor  was derived for  values of = 15O, loo, 5' 

such t h a t  the interaction force Fi could be predicted from the known 

values of Fa and F This 

Cn ( F j  

j' 
can be stated as: 

+ F a )  = ( F i  + F j  + Fa)  = Ft 

where n i s  an integer 0,  1 ,  2 ,  3 . . . . corresponding to  values of Pos = 

0, 50, 100, .... psig and C i s  a constant equal t o  1.023. The curves i n  

F ig .  28 are calculated from the above expression. The data points are 

experimental resul ts .  As can be seen the agreement i s  satisfactory.  

3.9 Comparison of  Results 

A di rec t  comparison of the results of th i s  experiment w i t h  pre- 

viously published resul ts  is d i f f i cu l t .  

tunnel data were obtained a t  much lower values of the primary stagnation 

Most of the published wind 

pressure than those employed in this experiment.# No resul ts  were found 

in the l i t e r a tu re  to  compare w i t h  the experimental resul ts  of this study 

in e i ther  the flow visualization and pressure distribution a t  angle-of- 

attack. The only generally accepted model i s  for f l a t  plate  conditions 

and this model is  based principally on a inviscid or iner t ia l  interaction. 

The "scaling" parameters that  have proved the most effect ive i n  correla- 

t i n g  resul ts  are  the scale height of the secondary j e t  (12)  and the 

vacuum force coefficient (3) .  As mentioned ea r l i e r  i n  3.1, i n  some of 
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of the shadowgraph pictures i t  was not  possible t o  identify the penetration 

envelope of the secondary flow. Therefore no attempt was made t o  correlate 

these results w i t h  previously published data on scale heighth. An attempt 

a t  correlation was made using the vacuum force coefficient, Cn where: 
V 

- - 
V (Planform Area) 

‘n 
1’2 posvos 

The planform area was taken as the sum of the upstream and downstream sep- 

ara t ion  distances multiplied by the w i d t h  of the wedge model. A p l o t  of 

the interaction force Fi  vs Cn was made and i t  was approximately linear 

for each experimental r u n ,  however, there was no d i  scernabl e correl a- 

t i on  between the several runs. The region of the interaction has been 

considered t o  be effectively terminated by the downstream recompression 

wave. 

employed i n  this investigation, i t  appears t h a t  viscous effects predom- 

inate and that the interaction i s  terminated well downstream o f  the recom- 

pression wave. 

V 

For the higher value of stagnation pressure of the primary stream 

The interaction upstream of the iojection slot  appears t o  

be similar i n  both this and other investigations, except that the onset of 

separation i s  much more abrupt .  

The reported result of a relative increase i n  the force effective- 

ness near 10’ angle-of-attack i s  similar t o  a result reported by Eoeing 

(80) i n  an external burning experiment. 

results i s  pure conjecture because of the diverse nature of the experiments. 

Correlation between the two 

The qualitative results of the investigation of the effect o f  mass 

flow rate and molecular weight agree w i t h  the published literature ( 3 ) .  
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4. SUMMARY AND CONCLUSIONS 

The aerodynamic in te rac t ion  o f  a sonic j e t  issu ing from a 15' 

wedge w i t h  a transverse supersonic stream produces a s ide force due t o  

f low in te rac t ion  i n  addi t ion to  the j e t  thrust. The magnitude o f  t h i s  

in te rac t ion  force equals o r  even exceeds the value o f  the j e t  thrust .  

There i s  a substantial lack o f  agreement i n  the l i t e r a t u r e  as t o  the 

e f fec t  o f  the flow parameters on the j e t  in teract ion;  the predic t ion of 

the f low in te rac t ion  f o r  any given set  o f  circumstances i s  i n  terms o f  

empi ri cal  "scal ing" 1 aws . 
The resu l ts  o f  t h i s  study employing f low v isua l i za t ion  and the 

measurement o f  surface pressure d is t r ibu t ions  on the wedge do no t  agree 

w i th  previously published f l a t  p l a t e  resul ts.  

experiments show a more abrupt separation ahead o f  the s l o t ,  a shorter 

separation region and a th icker  boundary layer  o r  wake downstream of the 

"reattachment" p o i n t  than the previous f l a t  p la te  experiments. 

dif ferences may be a l l  a t t r ibu ted  t o  the higher viscous forces; i n  

previous published experiments a t  lower values o f  f ree  stream s t a t i c  

pressure, the i n v i s c i d  o r  i n e r t i a l  e f fec ts  were considered dominant. 

The resul ts  from these 

These 

The resu l ts  o f  the experiment may be sumarized as fol lows: 

a. As the angle-of-attack i s  increased from 0' the magnitude of 

the j e t  in te rac t ion  i s  decreased f o r  f i x e d  f ree  stream conditions and 

j e t  stagnation pressure. 

b. The e f f e c t  o f  angles-of-attack between +5O and +15O and a 
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range of values for the secondary stagnation pressure of 50 t o  250 ps ig  

is predicted by the following expression: 

Ft = (Fi  + Fj t Fa) = 1.023'(Fj t Fa) 

where n is a function of j e t  stagnation pressure. 

c. An increase i n  weight flow rate of the injectant increases 

the interaction force. 

and is  diminished by both positive or negative angles-of-attack, and i s  

enhanced by an increase i n  secondary stagnation pressure. 

This effect i s  a maximum a t  0' angle-of-attack 

d. A moderate change i n  the molecular weight of the secondary 

injectant as the a i r  i s  changed t o  argon, nitrogen or ethane, does not  

significantly affect the interaction. A large change i n  molecular 

weight, air t o  helium increased the force, Fi + F by approximately 20%. j, 
e. A 50% change i n  the specific heat r a t io ,  k, d i d  n o t  affect 

the interaction for conditions of approximately equal molecular weight 

(ethane and nitrogen) and w i t h  an average temperature differential o f  

12OoF between the primary and secondary stream stat ic  temperature. 
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5. RECOMMENDATIONS 

As indicated i n  the in t roductory  remarks, t h i s  parametric 

analysis i s  the beginning o f  a comprehensive research program designed 

t o  explore i n  depth the f e a s i b i l i t y  and u t i l i t y  o f  a combined j e t  

react ion and external burning control  system. It i s  recommended t h a t  

t h i s  program be continued; the recomnded program can be conveniently 

discussed under two headings: hot  f low studies w i th  an i n e r t  in jectant ,  

and hot  f low studies w i th  a combustible in jectant .  

5.1 Hot Flow Studies, I n e r t  In jec tan t  

This ser ies o f  experiments would p a r a l l e l  the preceeding cold 

f low experiments except tha t  both the primary f low and the i n jec tan t  

would be heated t o  simulate conditions encountered i n  a po ten t ia l  f l i g h t  

envelope. The heating o f  the primary a i r  could be accomplished by a 

pebble bed heater, a v i t i a t i n g  system wi th  oxygen addit ion, o r  w i th  

synthet ic a i r ,  The basic experimental design should be such tha t  the 

apparatus w i l l  accomnodate the use o f  combustible in jectants .  The 

operating design points would be determined by parameter values required 

t o  achieve the chosen f l i g h t  envelope. 

5.2 Hot Flow Studies, Combustible In jec tan t  

These experiments would reproduce the preceeding hot  flow, i n e r t  

i n jec tan t  studies. 

be t o  replace the secondary f low system by a gas generator. The ser ies 

The major change i n  the experimental apparatus would 

o f  experiments would be expanded t o  include a var ie ty  of combustible 

mixtures and the r e l a t i v e  proport ion o f  combustion tha t  takes place i n  

the gas generator. 
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APPENDIX A 

NOMENCLATURE 

Symbol 

As = In jec t i on  s l o t  area 

C = Coef f i c ien t  

Fa = Aerodynamic side force due t o  angle-of-attack 

Fi = Side force due t o  j e t  in te rac t ion  

= Momentum th rus t  o f  secondary j e t  
Fj 
Ft = Total s ide force 

I 0 Speci f ic  impulse 

M = Pich number 

P = Pressure 

R = Degrees, Rankine Scale 

SW = S lo t  width 

T = Temperature 

V = Gas ve loc i ty  

= Weight f low ra te  

X = Axial  distanc8,reference located 0.79 inches f rom leading edge 

a, = Acoustic ve loc i ty  

G = Constant 

h = Scaled heighth o f  in jec ted  gas 
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k = Specif ic heat r a t i o  

rfi =  ass f low ra te  

v = Vacuum 

x = Axial  distance along wedge surface 

y = Heighth above wedge surface 

z = Transverse distance across wedge surface 

Greek Symbol s 

a = Oblique shock angle 

w = Angle-of-attack 

Subscripts 

a = Ambient 

i = In te rac t ion  

j = Je t  

n = Normal 

o = Stagnation condit ions 

p = Primary 

s = Secondary 

t = Total 

x = Conditions before oblique shock 

y = Conditions a f t e r  oblique shock 

OD = Free stream condit ions 

Superscripts 

* = Sonic condit ions 



Pages 70-93 are contained i n  

APPENDIX B which i s  c lassi f ied 

CONFIDENTIAL and i s  issued 

separately, 
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APPENWX C 

Descript ion o f  Apparatus 

1. Supersonic Nozzle Design I 

A uniform discharge, Mach 2.0, two dimensional nozzle was employed 

i n  the design o f  the wind tunnel f a c i l i t y .  The nozzle was designed 

by R. 0. Guhse (17) t o  produce an e x i t  section w i th  a heighth o f  6.000 

inches and a uniform width o f  1.981 inches. 

For design purposes, the nozzle was divided i n t o  three regions: 

a. Subsonic t o  sonic contour by Fr iedr ich 's  method, (102). 

b. I n ~ i t i a l  expansion obtain rad ia l  source f low a t  the i n f l e c -  

t i o n  po in t  by simple wave theory. 
i 

c. The s t ra ightening por t ion  t o  obtain p a r a l l e l  uniform Mach 2.0 

f low a t  the e x i t  se 

The calculat ions were c 

on -by Foelsch's method (102). 

i e d  out on the I B M  7090 computer w i th  
. ,  

the resu l t s  being obtained i n  the form o f  the X coordinate (ax ia l )  

as the independent variable; w i th  the Y coordinate, design Mach number 

and slope w i th  respect t o  the X axis as dependent variables. 

The ana ly t i ca l  resu l t s  were used as the basis f o r  fabr ica t ion  o f  

a model block which was then employed w i th  a p r o f i l e  m i l l  t o  produce 

a ser ies o f  ideneical  blocks machined from sta in less steel  stock. 
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The s ide plates which are the main s t ruc-we o f  the tunnel were 

fabricated from 1/2 inch m i ld  s tee l  and 1/2 inch plexiglas.  The 

nozzle blocks were sandwiched between the p lex ig las and the s tee l  

sidewalls. The blocks were posi t ioned by employing dowels inserted 

through the s tee l  s ide wal ls i n t o  the blocks; the e n t i r e  assembly was 

bol ted together by a ser ies o f  1/2 inch s tee l  bo l t s  arranged above 

and below the nozzle! blocks. Because o f  t h i s  arrangement, the blocks 

were essent ia l l y  f l o a t i n g  w i th in  a r i g i d  structure.  The alignment 

was accomplished by means o f  a Bridgeport ve r t i ca l  m i l l  bed and d i a l  

ind icators .  The blocks were al igned wi th  respect t o  the center l ine 

coordinate t o  w i th in  .0005 inches a t  three points - the entrance 

coordinate, the throat, and the e x i t  plane. This e n t i r e  assembly was 

bol ted t o  a plenum chamber i n  a cant i lever  fashion. 

The wedge model was held i n  the tunnel by dowels inserted through 

the s tee l  sidewalls. The pos i t ion ing o f  the holes was referenced t o  

the center l ine o f  the nozzle. The model could be posi t ioned a t  various 

angles o f  at tack by i nse r t i ng  dowel pins i n t o  a ser ies o f  matching 

holes i n  the s ide plates o f  the wedge model. 

i n s t a l l e d  i n  the tunnel. 

3. The model was a 15 degree wedge. The model was fabr icated from 

m i l d  s tee l  and was made up o f  four  basic par ts  - two side plates, the 

f r o n t  section, and the a f t  section. This i s  shown i n  Fig. 4. A 

0.012 inch wide s l o t  f o r  i n j e c t i n g  the secondary gas was formed by 

the abutment of the f ron t  and a f t  sections. The side p la tes were 

re l ieved a t  the s l o t  so tha t  the actual s l o t  extended we l l  i n t o  the 

Fig. 3 shows the model 
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region o f  the wal l  boundary layer. P r i o r  t o  assembly the i n te rna l  

faces o f  the s l o t  were ground t o  insure uni formi ty  i n  width. A f t e r  

assembly, both the upper and lower faces were ground f l a t  and the 

e n t i r e  model was f l a s h  chrome plated. S ta t i c  pressure taps on the 

upper surface o f  the model were fabr icated from sta in less hypodermic 

needle material, 0.020 inches I.D. The needle mater ia l  was hydrogen 

brazed i n  pos i t ion  p r i o r  t o  gr ind ing the upper surface. The pressure 

tap hole pat tern was i n  the form o f  staggered rows o f  f i v e  along the 

upper surface o f  the wedge w i th  a longi tud ina l  distance between 

centers o f  .050 inches. The hypodermic needle mater ia l  extended from 

the downstream end o f  the model and was terminated i n  an array o f  

f i t t i n g s .  The model was disassembled and the s l o t  re-ground t o  a 

width o f  0.024 inches f o r  the second ser ies o f  experimental runs. 

4. Control System 

The primary flow o f  a i r  was cont ro l led  by means o f  an Askania 

regulator system. The secondary flow from the wedge s l o t  was regulated 

by a remote dome loaded valve which was placed upstream o f  a secondary 

p3enum chamber. The t o t a l  pressure and temperature i n  the two plenum 

chambers were sensed by means o f  stagnation probes and i ron-constant in 

thermocouples. The thermocouples were referenced t o  a common i c e  bath 

and the temperatures recorded on a Brown Recorder. A l l  operations 

were accomplished a t  a loca t ion  remote from the t e s t  c e l l .  A schematlc 

diagram o f  the f low system i s  shown i n  Fig. 5. 

The fol lowing contro ls  and displays were ava i lab le  t o  the operator: 

a. Controls 

(1) Hand operated contro l  f o r  the Askania regulator  system 
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(2) Remote dome loaded valve f o r  the secondary gas system 

( 3 )  Remote actuator valves f o r  the mu l t i p le  gas secondary 

sys tem 

(4) Camera t r i g g e r  switch, coupled t o  a Brown recorder 

through a mu1 t i p l e x  c i r c u i t  t o  record s i  mu1 taneously the 

primary and secondary t o t a l  temperature. 

b. Displays 

(1) Heise gauge f o r  primary stagnation pressure 

(2) Heise gauge f o r  secondary stagnation temperature 

( 3 )  U tube mercury manometer f o r  surface pressure on the 

wedge upstream o f  the i n j e c t i o n  s l o t  

(4)  Pressure gauge f o r  supply pressure 

(5) Stop watch t imer 

(6) Brown recorder f o r  stagnation temperatures 

5. Ins trumen t a  ti on 

a. The spark shadowgraph system consisted o f  a spark source, a 

parabolic mi r ro r  w i th  a focal  length o f  64 inches, a ground 

glass screen, and an automatic Nikon F s ing le  lens r e f l e x  

camera. A schematic representation o f  the system i s  presented 

as Fig. 29. 

The spark source was manufactured from a se t  o f  drawings furnished 

t o  the Jet Propulsion Center by the B a l l i s t i c s  Research Laboratory, 

Aberdeen, Maryland. The design speci f icat ions f o r  the spark durat ion 

was 1 microsecond. Tests o f  the device ind icated an actual duration 

of 3 microseconds. The image on the ground glass screen was photo- 

graphed w i th  a f1.2, 55 mm Auto-Nikor lens on Kodak Tri-X f i l m  
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upgraded t o  an A.S.A. speed o f  1200. 

b. The pressure f i e l d  on the wedge model was determined from a 

bank o f  58 mercury manometers which was photographically 

recorded. These manometers were arranged i n  two sets, with 

each set having a common reservoir .  The reference pressure 

t o  the reservoirs was obtained by u t i l i z i n g  the f i r s t  row 

o f  pressure taps on the wedge model. Shadowgraph p ic tures o f  

the f low f i e l d  and pictures o f  the manometers were taken 

simultaneously dur ing the experimental runs, Fig. 29 i s  a 

photograph o f  the manometer bank. 

6 , Cal i  brat ion 

The Mach number a t  the e x i t  plane o f  the nozzle was determined 

by means o f  a series o f  s t a t i c  pressure measurements taken along the 

sidewall  o f  the tunnel and a corresponding set o f  t o t a l  pressure 

measurements obtained from a p i l o t  tube rake posit ioned i n  the tunnel 

a t  the e x i t  plane, The resul ts  o f  these measurements are presented 

as Fig. 30 which presents Mach number a t  the e x i t  plane as a funct ion 

o f  theoret ica l  distance from lower nozzle block. The local  Mach 

number was determined using the re la t ion:  

and the A i r  Tables (103). 

The uni formity o f  the f low - the loca l  Mach number i n  the v i c i n i t y  

o f  the wedge varied f r o m  1.89 t o  1.92 - i s  considered sat is factory .  

The lack o f  complete uniformity i s  assumed t o  be the resu l t  o f  the 
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fo l lowing ef fects :  

a. Early tes ts  on the nozzle indicated tha t  a ser ies o f  shocks 

or ig inated immediately downstream o f  the nozzle i n f l e c t i o n  

point .  These shocks were c l e a r l y  v i s i b l e  i n  shadowgraphs. 

It was determined t h a t  during the pol ishing, a series o f  

depressions were inadvertent ly made i n  the contour immediately 

downstream o f  the i n f l e c t i o n  point .  Hand f i l i n g  removed the 

depressions and el iminated the shocks, 

b. During the design o f  the nozzle blocks, no boundary layer  

correct ion was made t o  the nozzle contour. Thus, based on an 

increasing thickness o f  the boundary l aye r  there i s  a corres- 

ponding decrease i n  a f fec t i ve  area r a t i o  between the e x i t  

plane and the throat.  

c. The s t a t i c  pressures measured on the sidewall  do not correspond 

d i r e c t l y  t o  the center l ine s t a t i c  pressures. A var ia t ion  o f  

1 t o  2 percent o f  the Mach number may be present due to  

expansion waves between the wal l  and the center l ine (104). 
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Experimental Procedure 

Items t o  be completed a t  l eas t  one hour before i n i t i a t i o n  o f  run. 1. 

a, Turn on Brown recorder. 

b. F i l l  thermocouple reference dewar w i th  chipped ice.  

c, Check camera c i r c u i t  t o  insure t h a t  S t  i s  wired f o r  s ing le  frame. 

do Turn a l l  gauge manifold valves t o  proper posi t ion.  

Items t o  be completed i m d i a t e l y  before run ( i n  order l i s ted ) .  

a. Check voltage output o f  camera power supply (adjust  if necessary 

t o  12 - v), load cameras ( T r i - X  f o r  shadowgraph camera - Plus X 

fo r  manometer cameras), focus, s e t  proper aperature and speed 

(f 1.4 and 1/30 f o r  shadowgraph camera and F4 and 1/4 f o r  mano- 

meter cameras), and p lug cameras in .  

2. 

b. Cal ibrate Brown recorder. 

c. Turn on 24 - v power supply. 

d. Control panel should have switches i n  fo l lowing posi t ions.  

(1) two secondary "BLEED" switches off 

(2) "HIGH PRESSURE A IR"  valve OPEN and "TO DOMES" valve CLOSED 

(3) "SECONDARY FLOW REGULATOR" o f f  

(4) i f  control  wheel closed counter (clockwise t o  STOP) "PANIC" 

o f f ,  i f  control  wheel open, "PANIC" on. 

(5) "SOLENOID" on. 
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(6) "CAMERA" o f f ,  

(7) "BROWN RECORDER" o f f  

(8) 220 y "ASKANIA MOTOR" on 

e. Open large valve a t  high pressure tanks 

f. Remove "block" from No. 1 control  valve i n  a i r  control  room 

g. Turn on spark power supply and "camera shutter"  motor 

h. Operate camera switch f o r  reference p ic tures 

1. Sound "HORN" three times 

3. Conduct o f  experiment 

a. Open the Askania control  and s t a b i l i z e  the primary stagnation 

pressure a t  100 psig. Record wedge surface pressure from 

manometer . 
b. "BROWN RECORDER'' on. 

c. A f te r  30 seconds, "CAMERA" on f o r  one second t o  record shadowgraph 

manometer bank, and primary stagnation temperature without 

secondary flow. 

d. Open "SECONDARY FLOW REGULATOR" and s tab i  1 i ze the secondary 

stagnation pressure a t  50 psig. 

e. A f te r  30 seconds, "CAMERA" on f o r  one second t o  record shadow- 

graph, manometer bank, and primary and secondary stagnation 

temperatures. 

Repeat steps 3d and 3 f  a t  secondary stagnation pressures o f  100, f. 

150, 200, 250 psig. 

Shut down by turn ing "PANIC" on. g. 

For t h a t  por t ion o f  the experimental program that  involves mul t ip le  

gases, between steps 3e and 3 f  above, operate se lector  switches. 

4. 



'1 05 

APPENDIX E 

Measurements and Data Reduction 

1 Measurements 

a. Shadowgraphs 

The shadowgraph negatives were enlarged t o  1 :1 and 2:l scale. The 

shock angles and points of  intersection were scaled directly from the 

photographs using reference lines scribed on the Plexiglas side walls. 

The accuracy o f  measurement was 0.01 inches, 

points was w i t h i n  0.05 inches. 

The location o f  interaction 

b. Pressure measurements 1 

(1) The accuracy of the wedge surface pressure downstream of tk 

oblique shock was accurate t o  w i t h i n  0.1 inch of mercury. 

during the run d i d  not exceed 0.2 inches of mercury. 

was the mean value. 

(2 )  The manometer pressures were allowed t o  stabilize for 30 

Variations 

The recorded value 

seconds a t  each data point. The pressures were recorded photographically 

by Nikon cameras on Kodak Plus X film. The negatives were projected 0n.a 

large scale screen. 

0.1 inch o f  mercury. The error introduced by camera angle was determined 

t o  be a maximum of 0.1 inches of mercury. The overall error, a function 

o f  reading error, camera angle error, and meniscus determination was less 

than 0.3 inches o f  mercury. 

The values of the projected image were recorded to 
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2. Data Reduction 

All calculations were carried out to two decimal points, The inte- 

gration was carried out using a modified Simpsons rule. 
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APPENDIX F. DATA 
TABLE F1. 

Date: 22 October 1967 
Test Condi ti ons : 

Angle o f  Attack 15 degrees 
Slot  Width 0.012 inches 
Barometric Pressure 14.53 psia 
Local S t a t i c  Pressure 36.11 psia 

Data: 
Injectant  Air Air A i  r A i  r A i  r 
Po, ( P S W  50 100 150 200 250 

X( i n )  

0.75 
0.85 
0.95 
1.05 
1.25 
1.35 
0.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3.00 

481 
51 3 

AP( inHg) 

000 - 0.9 - 0.2 
+ 0.4 
4- 0.7 
+ 0.4 

- 0.9 

+ 0.3 - 1.8 - 0.9 - 1.3 - 1.0 - 0.8 
* 0.9 - 0.3 - 0.2 - 1.4 - 1.0 
+ 1.1 - 0.2 
f 0.1 - 0.1 
f 0.0 
t 0.7 - 0.3 
t 0.1 
+ 2.5 
t24.0 
+31 .'I 

--e 

- 0.8 
0-- 

472 
506 

AP(  i nHg) 

0.0 - 1.4 - 1.5 - 1.3 - 1.1 - 1.2 - 2.0 - l b 6  - 1.4 

- 1.5 - 2b4 - 0.4 - 1.9 - 1.6 - 1.4 - 1.4 
0 .o - 0.5 - 1.2 

* 1.0 
0 - 0.9 - 1.5 

+ 0.4 
+ 0.1 
+ 7.5 
t19.8 
t29.7 
t34.9 
t38.3 
t49.4 

--- 

467 
499 

AP( i nHg) 

+ 1.1 - 0.5 
+ 0.21 
+ 0.6 
+ 0.6 - 0.3 - 1.3 - 0.7 - 0.5 

+ 0.4 - 1.6 - 0.6 - 1.2 
+ 0.2 - 0.8 - 0.9 - 0.2 
+ 0.1 - 1.2 - l b 3  - 0.4 - 0.9 
+ 1.5 
t11.9 
+24 .O 
t31.8 
t37.2 
t40.2 
t42.9 
t44.5 
4-44 * 9 

--- 

465 
496 

A P (  inHg) 

+ 1.5 - 1.4 - 1.5 .. 0.8 .. 0.3 - 0.3 - 0.2 
+ 0.4 - 0.6 

- 0.6 - 2.6 - 1.6 - 1.9 - 1.7 - 1.6 - 1.6 - 1.2 - 0.8 
.. 2.3 - 2.4 
t 5.0 
t11.2 
t23.7 
t31.3 
t36 7 
+40 .O 
t43.4 
t45.5 
+47 .O 
t47.3 
t47.2 

- -- 

464 
494 

AP( inHg) 

0 .o 
--- 
--- --- - 0.4 
0.4 - 0.4 - 1.3 .. 0.8 

- 0.9 - 1.8 - 0.8 - 1.3 - 1.1 - 0.9 
0 .o - 0.2 - 0.2 - 0.6 - 1.7 

+28.6 
t32.9 
+36.5 
t39.9 
t42.3 
+43.6 
t46.5 
t48.9 
+49.9 
+48.7 
+48. 1 

--- 
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E F? (C~nt inued)  

x ( i n 2  

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.70 
3.85 
4.00 
4,15 

e 30 
.55 

4.80 
5.05 
5.30 
5.55 
5.80 
6.05 
6.30 
6.55 
6 -80 
7.05 

AP( i nHg) 

-12.5 - 1.5 - 0.8 - 0.7 - 0.8 - 1.3 - 0.4 
- 1.0 - 1.2 
- 1.8 - 2.0 - 1.3 - 2.2 
3.1 - 4.9 - 7.0 - 5.5 - 5.3 

... 7.0 - 4.3 - 3.9 

--- 

A i  r A i  r 
100 150 
472 46 7 
506 499 

AP( i n H g )  

-40.9 
-29.3 
-12.1 - 2.2 
+ 0.3 - 0.2 
+ 3.2 

0-m  

- 0.4 - 0.5 
- 1.7 - 1.5 - 0.8 - 2.3 - 3.5 - 5.2 - 6.5 - 1.9 - 5.4 - 6.8 - 3.8 - 3.5 

--- 

AP( inHg)  

-45.2 
-41.1 
-33.1 
-1 9.4 - 6.9 - 1.3 
+ 0.4 

0 .o 
0 .o 

+ 1.4 
+ 1.1 
+ 0.6 
+ 2.6 - 4.0 - 5.4 - 5.6 - 4.6 - 5.6 - 6.8 - 3.6 - 3.3 

--" 

A i  r A i  r 
200 250 
465 464 
496 494 

AP( 5 nHg) 

-47.5 
-45 .o 
-40.1 
-34.1 
-19.3 - 5.9 - 1.8 
0 .o 

+ 0.3 

- 1.4 - 1.5 - 1.0 - 3.2 - 4.7 - 5.9 - 7.5 - 6.9 - 7.2 - 8.7 - 5.6 - 5.0 

--- 
-I- 

AP( i nHg) 

-48 .O 
-45.7 
-43.8 
-37.1 
-31.2 
-12.9 - 6.1 
- 0.6 
+ 0.2 

- 1.4 - 2.0 - 1.8 - 3.8 - 5.2 - 6.4 - 7.5 - 6.3 - 8.0 - 9.0 - 5.5 - 5.1 

--- 
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TABLE F2. 

Date: 3 November 1967 
Test Condi ti ons : 

Angle o f  Attack 10 degrees 
Slot  Width 0.012 
Barometric Pressure 14.42 
Local S ta t ic  Pressure 27.60 

In jectant  Air A i  r 

Top (OR) 478 466 

Data : 

POS ( P S W  50 100 

TO, (OR) 506 499 

X( i n )  

0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2,25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 -00 

AP( i nHg) 

- 0.8 
0 

* 0.5 - 0.1 .. 0.2 - 1.5 - 1.4 - 1.8 - 0.4 
0 - 1.2 - 1.6 - 0.3 - 0.5 - 0.2 

t 0.5 - 0.5 - 1.0 - 0.4 - 0.6 - 0.6 - 0.6 - 0.8 - 0.6 - 0.3 - 0.6 
+ 1.9 
t16.8 
+25.9 

--- 

AP( i nHg) 

- 0.9 - 0.2 - 0.6 - 0.3 - 0.6 - 1.6 - 1.3 - 0.9 - 0.4 
- 0.3 - 1.4 - 1.0 - 0.6 - 0.7 - 0.1 
+ 0.3 - 0.6 - 1.3 - 0.7 - 1.1 - 0.3 - 0.7 - 0.9 - 0.5 
+ 1.6 
t16.1 
+27 .O 
+34.0 
+36.5 

--- 

A i  r A i  r Air 
150 200 250 
457 453 45 1 
490 484 478 

A P (  inHg) 

--- - 0.9 - 0.3 - 0.6 - 0.2 - 0.5 - 1.7 - 1.5 - 1.0 
- 1.7 - 0.2 - 1.5 - 1.0 - 0.7 - 0.6 
= 0.1 
+ 0.2 - 0.8 - 1.1 - 0.3 - 0.8 - 0.8 
t 0.1 
t14.2 
+23.7 
+30.3 
+34.7 
+37.2 
+39.0 

--- 

Ap( nHg) 

- 0.3 
0 - 0.8 - 0.3 - 0.7 - 1.9 - 1.6 - 1.1 - 0.5 

- 0.4 - 1.6 - 1.1 - 0.8 - 0.7 - 1.3 - 1.7 - 0.7 - 1.2 - 0.3 - 0.6 
+ 0.4 
+ 4.7 
+18.8 
+28.9 
t33.5 
+37.2 
+39.5 
+40.5 
+41.6 

--- 

A?’( i nHg) 

- 1.0 - 0.9 - 1.2 - 1.8 - 1.9 - 0.9 - 1.6 - 1.1 - 0.6 
- 0.3 - 1.5 
1.0 - 0.7 - 0.5 - 0.2 

+ 0.1 - 0.9 - 1.2 
+ 0.6 
t 2.2 
+11.5 
t23.2 
t30.3 
+34.5 
+37.3 
+39.4 
+41.1 
t41.1 

--- 

+41.6 
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TABLE F2 (Contl nued) 

Data: 
In jectant  
Po, ( P m )  
Top (OR) 

To, (OR) 

)((in). 

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.70 
3.85 
4 .OO 
4.15 
4.30 
4.55 
4.80 
5.05 
5.30 
5.55 
5.80 
6.05 
6.30 
6.55 
6.80 
7.05 

A i  r 
50 

478 
506 

AP( i nHg) 

-10.1 - 1.3 - .8 
t .6 
+ 1.2 - 1.5 
+ 0.8 

+ 0.5 - 0.4 

- 0.1 - 1.4 
0 .o - 1.8 

= 1.0 - 1.2 - 2.0 - 4.1 - 4.5 
+ 2.7 
+ 0.2 - 0.8 

e-- 

--- 

A i  r A i  r A i  r A i  r 
100 150 200 250 
466 457 453 45 1 
499 490 4434 478 

AP(inHq) AP( inHg) AP( SnHg) AP(inHg) 

-33.2 
-22 .o - 8.2 - 1.0 

- 0.6 
+ 2.1 

+ 1.4 
+ 1.2 

0 .o - 1.7 - 0.4 - 2.5 - 1.3 - 1.5 - 2.1 - 4.0 - 3.6 

- 0.2 - 0.2 

- 2 .o 

--- 
--- 

- 0.9 

-36.7 
-30.2 1 
-21 03 
-10.1 - 1.2 - 0.9 
+ 2.3 

+ 1.2 
+ 1.8 

= 0.9 - 2.8 - 0.8 - 2.6 - 1.2 - 1.4 - 1.9 - 3.6 - 2.2 
+ 2.1 - 0.5 - 1.2 

--- 
--- 

-38,O 
-33.4 
-27.4 
-18.5 - 8.8 - 4.0 - 1.4 
-I- 

+ 1.4 
+ 2.1 

- 1.1 - 3.6 - 1.3 - 2.4 - 1.1 - 1.0 - 1.5 - 3.3 - 2.6 
+ 1.8 - 0.7 - 1.6 

--- 

-36.2 
-33.2 
-31.4 
-25.9 
-16.6 - 8.0 - 0.6 

+ 0.6 
+ 1.7 --- 
- 1.4 - 4.3 - 1.9 - 2.7 - 1.0 - 0.7 - 1.3 - 3.2 
+ 0.1 
+ 1.4 - 0.8 - 1.1 
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TABLE F3 

Date: 2 November 1967 
Test Conditions: 

Angle o f  Attack 5O 
Slot Width 0.012 inches 
Barometric Pressure 14.45 psia 
Local Stat ic  Pressure 

Data: 
Injectant  Air 

Top (OR) 482 
To, (OR) 505 

Po, ( P S i d  50 

X( i n )  

0.75 
0.85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2 -40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3.00 

AP( i nHg) 

--.. 
m - 0  --.. - 0.5 

+ 0.1 - 0.1 - 0.3 - 1.0 

- 0.7 - 0.3 - 1.7 
+ 0.1 - 0.7 - 1.2 - 0.1 - 0.1 
+ 0.4 

+ 0.1 - 0.5 
+ 0.2 - 0.5 
+ 0.1 
+ 0.3 
+ 0.1 
+ 0.5 
+ 0.5 

t18.4 
t24.3 

0 

--- 

- 0.1 

+ . l e4  

22.io psia 

A i  r 
100 
470 
49 7 

AP(  i nHg) 

+ 2.6 - 0.3 
+ 0.2 
+ 0.3 

0 - 0.3 
-+ 0.3 - 1.0 - 0.6 

- 0.2 - 1.5 
+ 0.3 - 0.5 - 0.9 
i- 0.2 
+ 0.3 
-+ 0.6 
t 0.4 
+ 0.2 - 0.1 

- 0.3 
+ 0.1 
+ 0.3 
+ 0.1 

+ 2.5 
t16.3 
+24 . 7 
t28.8 

--- 

0 

--- 

t30.5 - ~ .  

A i  r 
150 
465 
492 

AP( inHg) 

--- --- 
- 0.6 - 0.1 - 0.1 - 0.2 - 0.3 - 1.1 - 1.1 

- 0.2 - 1.8 - 0.1 - 0.9 - 1.2 

--- 

0 
0 

+ 0.5 
+ 0.1 
t 0.4 

+ 0.5 - 0.2 

+ 0.2 
+ 0.8 

t18.8 
t28.4 
+32 .O 
t32.6 
t32.1 

0 

0 

--- 

A i  r A i  r 
200 250 
462 459 
487 485 

AP( inHg) 

0-0 - 0.5 - 0.2 

- 0.3 - 0.3 - T.3 - 1.2 - 1.3 

- 0.5 - 1.9 - 0.1 
+ 0.1 - 1.2 - 1.3 - 0.2 
+ 0.5 
+ 0.6 - 0.1 - 0.7 
+ 0.5 
+ 0.3 
+ 0.3 
+ 3.2 

0 

--- 

t14.4 --- 
t27.8 
t32.6 
t34.4 
t36.3 
t37.3 

AP(  inHg) 

--- --- 
- 0.4 

0 
+ 0.1 - 0.1 - 0.3 - 0.9 - 1.0 

- 0.5 - 1.7 
0 - 0.7 - 1.1 - 0.2 - 0.1 

+ 0.5 
+ 0.5 - 0.5 - 0.4 
+ 0.1 
+ 1.1 
+ 4.3 
t17.7 
t25.1 

t32.5 
t35.5 
t36.8 
t37.9 
t38.3 

--- 

--- 
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TABLE F3. (Continued) 

Data: 

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.70 
3.85 
4 .OO 
4.15 
4.30 
4.55 
4.80 
5.05 
5.30 
5.55 
5.80 
6.05 
6.30 
6.55 
6.80 
7.05 

482 
505 

AP( i nHg) 

- 9.8 - 2.4 - 1.2 
+ 0.1 
+ 0.4 
0 00 

t 0.6 

+ 1.0 - 0.6 
-..- 
--- 

= 0.6 - 2.8 - 1.8 
+ 0.2 - 0.4 - 0.5 - 0.9 - 0.9 - 1.8 - 3.1 - 0.2 
+ 0.2 

A i  r 
100 
4 70 
497 
aP(tnHs) 
-26.3 
018~7 - 9.2 - 2.3 
+ 0.4 - 0.1 
+ 1.7 

+ 1.9 
+ 0.4 

- 0.8 - 4.5 - 3.8 - 0.6 - 019 - 0.7 - 0.6 - 0.8 - 1.3 - 1.8 
+ 3.4 
+ 0.7 

--- 
--- 

1 

A i  r 
150 
465 
492 

AP( inHg) 

-29 . 3 
-24.8 
-17.7 - 8.6 - 1.6 - 1.0 
+ 2.2 
t 2.8 
+ 1.1 
- 0.7 - 5.0 - 4.8 - 2.6 - 1.3 - 0.8 - 0.8 - 0.5 - 1.2 - 3.5 - 1.4 - 1.6 

--- 
I -- 

A i  r 
200 
462 
487 

AP( nHg) 

-28.6 
-26.7 
-23.7 
-16.6 - 8.2 - 2.7 
+ 009 

+ 3.0 
+ 1.4 

- 0.9 - 5.4 - 6.3 - 4.4 - 1.9 - 0.7 - 0.3 
+ 0.2 - 0.6 - 1.8 
+ 1.3 - 0.1 

..-- 

00-  

A i  r 
250 
459 
485 

AP( i nHg) 

-28.6 
-26.9 
-25.9 

-13.0 - 4.6 
+ 0.2 

+ 3.4 
+ 1.6 
- 1.- - 6.0 - 7.7 - 5.2 - 1.0 - 0.4 
+ Q.l 
+ 0.6 - 0.5 - 4.3 - 1.0 - 1.9 

-21 .a 

or- 

0-- 
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TABLE F4 

Date: 9 November 1967 
Test Condi ti ons : 

Angle o f  Attack 0 degrees 
Slot  Width 0.012 i 
Barometric Pressure 14.52 psia 
Local S ta t ic  Pressure 16.10 psia 

In jectant  A i r  A i  r A i  r 
pas j P S i d  50 100 150 
Top (OR) 487 478 472 

Data: 

Tos (OR) 510 501 495 

X( i n )  

* 75 
.85 
.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2 -40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2 -85 
2.80 
2.85 
2.90 
2.95 
3 .OO 

AP( i nHg) 

- 0.1 
+ 0.8 
+ 0.3 
+ 0.5 - 2.3 - 0.8 - 0.8 - 1.6 - 0.8 
- 0.5 - 1.3 
+ 1.4 - 1.0 - 1.3 - 1.3 - 0.2 
+ 1.8 
+ 1.2 - 1.0 
- 0.7 
+ 0.1 
+ 0.9 
+ 0.6 - 1.1 

- 0.1 
+ 0.7 
+ 1.3 
+I1 .o 
t17.7 

--- 

--- 

AP( W i g )  

+ 0.1 - 1.6 - 0.1 - 0.3 - 1.8 - 0.4 - 0.5 - 1.4 - 0.5 
- 0.2 - 0.9 
+ 2.0 
9 0.3 .. 0.5 - 1.1 

0 
+ 2.3 
+ 1.8 

- 0.9 - 0.8 
+ 0.9 
+ 1.4 
+ 0.9 - 1.7 
+ 0.7 
+ 6.8 
+17.4 
+21 09 
+25.2 

--- 

AP( iniig) 

-0- --- 
0 00 - 0.7 - 0.3 - 0.5 - 1.7 - 0.5 - 0.7 

- 1.6 - 0.5 - 0.9 
+ 2.0 - 0.3 - 0.6 - 1.4 - 0.1 
+ 2.4 
+ 1.9 - 0.9 - 0.2 
+ 1.0 
- 1.3 
+ 0.8 - 0.7 
+ 0.6 
t19.5 
t23.7 
t25.8 
+28.5 

--- 

--- 

A i  r 
200 
468 
490 

AP( inHg) 

--- --- 
0 .o 

.. 0.7 - 0.2 - 0.6 - 2.1 - 0.9 - 0.8 

.. 1.8 - 2.1 
* 3.4 - 0.3 - 2.6 - 3.1 - 3.7 - 2.4 
+ 0.1 - 0.4 - 3.5 - 0.1 
+ 0.8 
+ 1.0 
+ 0.6 - 0.3 
+17 .O 
+24 .O 
t26.2 
t27.5 
+29.9 

--- 

--- 

A i  r 
250 
467 
488 

AP( inHg) 

--e 

0 .o - 0.7 - 0.2 - 0.4 - 1.8 - 0.8 - 0.8 
- 0.8 - 0.3 - 1.4 
+ 1.7 - 0.4 - 0.4 - 1.7 - 0.3 
+ 2.3 
+ 1.7 - 1.3 
+ 0.2 
+ 1.2 
+ 1.4 
+ 3.3 
+ 7.2 

t22.9 
t27.4 
t28.3 
t29.2 
+31.6 

--- 

--- 
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TABLE F4 (Continued) 

Data: 
In jectant  Air A i  r A i  r A i  r A i  r 
POS I P S i d  50 100 150 200 250 
To, (OR) 

fos (OR) 

487 478 472 468 467 
51 0 50 1 495 490 488 

X(inL 

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.70 
3.85 
4.00 
4.15 
4.30 
4.55 
4.80 
5.05 
5.30 
5.55 
5.80 
6.05 
6.30 
6.55 
6.80 
7.05 

- 9.6 -19.7 - 2.3 -12.6 - 0.4 - 4.2 
+ 1.6 + 0.7 
t 2.4 + 0.4 

0 - 0.2 
+ 2.5 + 2.3 
+ 1.9 + 2.6 - 3.8 + 1.9 
+ 0.9 + 2.2 .. 1.6 - 2.4 - 2.9 - 4.9 - 3.2 - 4.8 .. 3.0 - 3.8 - 3.8 - 4.5 - 2.3 - 3.1 

0 - 0.1 
+ 1.1 + 1.0 
+ 1.3 + 1.5 
+ 1.4 + 1.7 
+ 2.0 + 2.2 

I..- -..- 
--- --- 

-22.5 
-1 7.5 - 9.7 - 1.1 - 1.0 - 1.2 
+ 2.4 

+ 3.7 
+ 2.8 

+ 2.6 - 3.1 
602 - 6.3 - 4.5 - 4.7 - 3.5 - 0.3 

+ 1.6 
+ 1.9 
+ 2.0 
+ 2.7 

--- 
-.-- 

-23 .O 
-20 .2 
-14.4 - 6.6 - 2.4 - 1.7 
+ 2.2 

+ 4.1 
+ 3.1 

+ 2.3 - 3.7 - 6.9 - 7.4 - 5.0 
* 4.7 - 2.1 
+ 1.0 
+ 2.4 
+ 3.2 
+ 3.3 
+ 3.5 

-..- 
--- 

-23 .O 
-20.8 
-18 .O 
-10.4 - 4.4 - 1.3 
+ 3.2 

+ 4.1 
+ 3.1 

+ i  1.7 - 4.5 - 7.7 - 8.5 - 5.7 - 5.1 - 3.1 
+ 0.8 
+ 3.7 
+ 3.5 
+ 3.5 
+ 3.2 

--- 
-..- 
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r n L E  F5 

Date: 8 November 1967 
Test Conditions: 

Angle o f  Attack -5 degrees 
Slot Width 0 ,012 
Barometric Pressure 14.52 psia 

13.10 psia Local S t a t i c  Pressure 

In jectant  Air 
Data: 

PQS (Psi91 50 
(OR) 

TQS (OR) 

X( in.) 

0.75 
0.85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2 .50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 

2.90 
2.95 
3 -00 

2 .a5 

463 
492 

AP( inHg) 

--- 
-0- 

+ 0.9 
+ 0.6 
+ 0.5 
+ 1.4 - 1.4 - 0.8 - 1.9 
- 1.0 - 1.4 
+ 0.7 - 2.0 - 1.8 - 0.9 - 0.7 - 0.8 - 0.5 - 1.2 - 0.4 
+ 0.6 - 0.3 
t 0.5 

- 0.7 
- 0.5 
+ 3.3 
*14.8 
t18.7 
+20.7 

--I 

+'0.4 

--- 

A i  r A i  r A i  r A i  r 
100 150 200 250 
458 454 452 452 
488 485 482 480 

AP( inHg) 

--- 
--e 

+ 0.8 
+ 0.6 
+ 0.5 
+ 1.0 - 1.4 - 0.9 - 2.0 
- 1.0 - 1.7 
t 0.6 - 1.9 - 2.0 - 1.2 - 0.7 - 0.8 - 0.5 - 1.3 - 0.8 - 0.4 
* 1.4 - 0.7 - 0.5 - 1.4 
+12.5 
t18.6 
+21.3 
+23.7 
t24.5 

m - 0  

--- 

AP( i nH& 

t 0.7 
+ 0.6 
t 0.5 
+ 1.1 
+ 0.4 
+ 0.2 - 1.0 - 0.5 
- 0.1 - 0.7 
+ 1.5 - 1.0 - 1.0 - 0.2 
+ 0.2 
+ 0.2 
t 0.6 - 0.2 
+ 0.2 
+ 0.6 - 0.4 
+ 0.3 
+ 4.3 
+ 7.9 

t19.9 
t22.7 
t23.8 
+25.7 
t25.7 

-e- 

--- 

-0- 

AP( i nHg) 

+ 0.7 
f 0.6 
+ 0.6 
+ 1.1 - 0.3 
+ 0.1 - 1.0 - 0.5 

0 - m  

--- 
0 - 0.7 

+ 1.6 - 0.9 - 1.0 - 0.2 
+ 0.2 
+ 0.6 - 0.1 
+ 0.2 
+ 0.4 

t11.5 
t17.3 
t17.7 

t22.6 
t23.7 
t24.1 
+25.6 
+25.5 

- + 0.2 

0 

--- 

AP( i nHg) 

--- 
+ 0.8 
+ 0.6 
+ 0.4 
+ 1.2 - 0.4 
+ 0.3 - 1.0 - 0.6 
- 0.1 .. 0.7 - 1.6 - 0.8 - 1.1 - 0.2 
t 0.5 
+ 0.4 
+ 0.6 - 0.1 
+ 0.4 
+ 2.9 
+10.9 
t19.6 
+22 .o 
t22.9 

t25.9 
+27.0 
+26 .O 
+28.6 
t28.8 

--e 

--o 
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TABLE F5 (Continued) 

Data: 
In jectant  
Po, ( P S W  
Top (OR) 

To, (OR) 

X ( i d  

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.70 
3.85 
4 -00 
4.15 
4.30 
4.55 
4.80 
5.05 
5.30 
5.55 
5.80 
6.05 
6.30 
6.55 
6.80 
7.05 

A i  r 
50 

463 
492 

A f  ( i nHg) 

-13.9 - 8.7 - 3.4 - 0.6 - 0.2 
+ 0.1 
t 0.4 

+ 2.0 
+ 0.6 

+ 2.3 - 0.6 - 2.2 - 3.2 - 1.6 - 1.9 - 3.3 - 6.3 - 3.1 
+ 1.1 
+ 1.3 
0.0 

--II 

--)I) 

A i  r 
100 
458 
488 

AP( inHg) 

-17.2 
-14.5 
-10.5 - 4.7 - 2.2 - 2.4 - 0.9 

+ 2.6 
+ 1.5 

+ 2.2 - 1.2 - 3.6 - 4.9 - 2.6 - 2.4 - 3.5 - 4.7 - 3.3 
+ 1.3 
+ 0.7 - 0.3 

-..- 
I-- 

A i  r 
150 
454 
485 

AP( i nHg ) 

-17.0 
-15.6 
-14.8 
-10.0 - 6.0 - 4.9 - 1.0 

+ 2.9 
+ 2.4 

t 2.3 - 1.7 - 4.6 - 6.2 - 3.4 - 2.5 - 3.2 - 4.1 - 2.3 - 2.1 
i- 1.7 

0.7 

-0- 

--- 

A i  r 
200 
452 
482 

AP( inHal 

-16 . 3 
-15.0 
-15.1 
-13.1 
* 9.8 - 5.2 - 1.5 

+ 2.1 
+ 2.3 

+ 1.6 - 2.4 - 5.3 - 6.5 - 4.3 
0 2.8 - 3.0 - 3.6 - 1.1 - - 3.6 - 2.4 - 1.5 

- -0 

--- 

A i  r 
250 
452 
480 

AP( intig) 

-16.8 
-15.6 
-15.6 
-14.9 
-12.1 - 5.8 - 3.6 

+ 1.5 
+' 1.9 

+ 1.0 - 3.0 - 6.1 - 8.8 - 5.4 - 3.3 - 3.4 - 4.0 - 2.4 
1.7 

+ 1.8 
+ 0.9 

-0 -  

-0- 
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TABLE F6 

Date: 28 November 1967 

Test Condi ti ons : 
Angle o f  Attack. 15 degrees 
Slot Width 0.024 inches 
Barometric Pressure 14.58 psia 
Local S t a t i c  Pressure 34.23 psia 

Data: 

X( i n 1  

0 :75 
0,85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1 -95 
2.05 
2.10 
2.15 
2.20 
2 -25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 .OO 

450 
490 

AP( inHg) 

- 0.1 
+ 0.2 - 0.2 
+ 0*2 - 0.1 

0 e o  - 0.2 - 0.2 
0.0 

L. 0.2 
0 .o - 0.1 - 0.1 

"-  0 *2  - 0.2 - 0.2 - 0.1 - 0'.3 - 1.4 - 1.1 
0 .O - 0.2 - 0.3 - 0.1 
0 .u 
0 .o 

I-  0.1 

+14*4 
t25.2 
+25 .O 

--- 

+ 0.1 I 

A i  r 
100 
444 
482 

AP( inHg) 

- 0.3 

- 0.9 - 0.1 - 0.2 - 0.4 - 0.5 - 0.5 
0.0 

- 0.7 - 1.2 - 0.3 - 0.3 - 0.6 - 0.5 .. 0.6 - 0.4 - 0.7 - 0.8 
9 0.4 
* 0.8 - 0.6 .. 0.7 - 0.3 
+ 1.7 
+13 .9 
+28 .O 
+35.1 
+39.6 
t42.6 
t42.8 

0 

--- 

. %  

. ,. . ,  , 

A i  r 
150 
441 
4 74 

AP( inHg) 

0 
+ 0.2 - 0.3 

- 0.2 - 0.3 - 0.4 - 0.7 
+ 0.1 

- 0.4 - 0.1 - 0.2 - 0.3 - 0.3 
+ 0.4' - 0.5 - 0.1 - 0.5 - 0.8 - 0.3 
+ 0.3 
+ 1.2 
t12.2 
t24.8 
t31.8 
t36.6 
t40.1 
t42.1 
+44.3 
t44.3 
t44.2 

0 

A i  r A i  r 
200 250 
440 440 
467 463 

AP( inHg) 

+ 0.7 
+ 0.9 
+ 0.4 
+ 0.7 
+ 0.6 
+ 0.4 - 0.6 - 0.7 
+ 0.9 

+ 0.3 
+ 0,7 
+ 0.6 
+ 0.5 
+ 0.4 - 0.7 
+ 0.4 
+ 0.6 
+ 0.4 

+ 5.4 
t19.5 
+26 .9 
+34 * 7 
t38.9 
t41.6 
t43.9 
t45.4 
t45.5 
+46.8 
4-45.2 
+45 .o 

..-.I 

0 

AP( inHg) 

- 0.4 
+ 0.1 - 0.5 - 0.2 - 0.4 - 0.5 - 0.7 - 0.8 - 0.1 

- 0.7 - 0.3 - 0.2 - 0.5 - 0.6 

- 0.2 
+ 07 
+ 5.9 
t17.0 
+28.2 
t34.9 
t37.5 
+40.6 
t42.9 
t43.9 
t44.8 
t46.7 
t47.5 
+47.8 
t48.2 
t48.5 
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TABLE F6. (Continued) 

)((in) 

3.20 
3,25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.65 
3,70 
3.80 
3.85 
3 -90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

450 
490 

AP( i nHg 

-20.6 - 5.3 - 2.6 - 1.3 - 1.1 - 1.1 - 0.9 
- 0.3 - 1.5 - 1.0 - 0.7 - 0.3 - 0.3 - 0.3 - 0.6 
-.0.2 - 0.3 - 0.9 - 1.1 - 0.7 - 0.6 - 0.8 

-11 

A i  r 
100 
444 
482 

AP ( i nHg ) 

-42.9 
039~2 
-27,1 
-10.3 - 4.9 - 0.5 - 0.4 
+ 1.6 - 0.7 - 0.8 - 0.7 
+ 1.1 
+ 0.5 
+ 0.8 
+ 0.2 

0.2 - 0.1 - 1.0 - 1.8 - 1.6 - 0.6 - 1.6 

m - 0  

A i  r 
150 
441 
474 

AP( i nHg) 

-42.4 
-41.3 
-40.1 
-32.6 
-22.5 - 7.2 - 3.7 

+ 1.5 - 0.5 - 0.4 - 0.4 
+ 1.9 
+ 0.8 

+ 0.5 
+ 0.4 - 0.4 - 1.3 - 1.5 
+ 0.9 - 0.5 - 0.9 

-..- 

- 1.5 

A i  r 
200 
440 
467 

AP( i nHg) 

-41.9 
-41 ,O 
-41.3 
-38.4 
-33.9 
-19.2 - 9.0 
- 1.0 - 1,7 - 1.3 - 0.4 
+ 1.8 
+ 0.8 
+ 1.2 
+ 0.4 
+ 0.1 - 0.9 - 1.7 - 1.7 - 0.2 - 1.2 - 0.7 

-..(I 

A i  r 
250 
440 
463 

AP( inHg) 

-42.3 
-41 .O 
-42 .O 
-41.1 
-38.6 
-26.2 
-16.1 

- 5.3 - 4.8 - 3.6 - 1.5 
+ 0.9 
+ 0.1 
+ 0.6 - 0.1 
* 0.6 - 1.6 - 2.5 - 2,8 - 4.2 - 2.9 - 3.3 

-0- 
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Date: 29 November 1967 

Test Condi ti ons : 
Angl e o f  Attack 
Slot Width 0.024 inches 
Barometric Pressure 14.46 p538; 

10 degree 

Local S t a t i c  Pressure 

In jectant  A i  r 
Data: 

Po, ( P S W  50 
Top (OR) 

To, (*R) 

X ( i n 1  
0,85 
0.95 
1.05 
1.25 
1.35 
1.451 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2 20 
2.25 

2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 .OO 

2.30 

453 
494 

AP( i nHg) 

+ 0.1 - 0.1 - 0.1 
=+ 0.1 
+ 0*2 
+ 0.1 
0 00 

+ 0.1 

0 *o 
+ 002 
+ 0.1 
0 .o - 0.1 

+ 0.1 
+ 0.1 
+ 0.1 

- 0.1 
0.0 

+ 0.1 
+ 0.1 
+ 0.1 
+ 0.1 
+ 0.2 
+ 0.3 
+ 4.1 
+20.8 
t27.6 
t30.1 

- 0,2 

- + 0.2 

+ 0.3 

27.64 psia 

A i  r A i  r A i  r A i r  
100 150 200 250 
445 443 443 443 
485 478 473 470 

AP(inHg) AP(intip) AP(inHg) 
- 0.2 - 0.2 - 0.1 - 0.4 - 0.3 - 0.3 - 0.4 - 0.1 - 0.1 - 0.2 - 0.3 
0 .o - 0.3 - 0.4 - 0.4 - 0.3 - 0.3 - 0.3 - 002 - 0.4 - 0.7 

+ 0.2 
+ 0.2 
+ 0.2 

+ 7.4 
t24.5 
t31.7 
t35.9 
+38.2 
t40.1 

+ 0.4 

- 0.2 
0 .o 
0 .o 

+ 0.1 - 0.1 - 0.1 - 0.2 
0 00 - 0.1 

+ 0.2 - 0.1 
+ 0.2 
0 .o - 0.2 - 0.3 - 0.2 
0 .o - 0.1 - 0.1 - 0.2 
0 00 

+ 0.6 
+ 4.3 
t13.9 
t24.6 
t30.6 
t35.9 
+37.4 
t39.6 
+40.2 
+40 5 

- 0.2 
+ 0.1 - 0.1 - 0.1 - 0.1 - 0.3 - 0.4 - 0.1 - 0.2 - 0.2 - 0.2 
0 .o - 0.2 - 0.4 - 0.3 - ool - 0.3 - 0.2 .. 0.3 - 0.2 

+ 0.9 
-+ 8,7 
4-22 .1 
t29.8 
+34 .O 
+37 .o 
t39.2 
+40.6 
+42 .O 
t41.1 
+42.1 

- 0.1 
+ 0.7 
0.1 - 0.3 
0 .o - 0.2 - 0.2 

.. 0.3 - 0.2 
= 0.2 
.. 0.3 
0 .o - 0.2 - 0.3 - 0.5 - 0.3 - 0.2 - 0.1 - 0.4 

+ 7.5 
t12.5 
t27 .O 
t32.6 
+36.1 
+38 .O 
4-39.7 
+41 .O 
t41.6 
+42.1 
+41.3 
+41.7 



453 
494 

A 

-27.9 
-10.4 - 3.0 
0 1.4 - 0.8 - 0.7 - 0.4 

- 2.5 - 1.2 - 0.2 - 0-1 - 1.1 
+ 0.5 - 1.3 
+ 0.2 

0 .o - 0*7  
.. 0.7 - 0.6 
+ 0.5 
+ 0.7 
+ 2.6 

--- 

A i  D" 
100 
445 
485 

-37.1 
-33.6 
-26.1 
-12.6 - 6.0 - 1.3 - 0.5 

+ 0.9 - 1.4 
t 0.5 

0 .o 
0.2 

+ 0.4 - 0.3 
+ 0.7 
+ 1.2 - 0.4 - 0.9 - 0.9 
+ 0.2 
+ 0.7 
+ 2.4 

A i  r 
150 
443 
478 

AP( inHg) 

-35.8 
-34 .O 
-32 4 1  

-27.5 
-20.9 
-10.4 
-. 4.3 

- 0.2 - 1.3 
+ 0.1 - 0.4 
+ 1.7 
+ 1.9 
+ 0.4 
+ 0.7 - 0.2 - 0.8 - 1.2 - 1.3 - 0.1 
+ 3.8 
+ 0.7 

I-.. 

A i  r 
200 
443 
473 

AP( i nHg) 

-35.4 
-34.8 
-34.7 
-31.3 
-26.8 
-17.1 - 8.0 

- 2.4 - 2.5 - 0.8 - 0.9 
+ 1.6 
+ 2.3 
+ 0.4 
+ 0.5 - 0.5 - 1.3 - 1.3 - 1.1 

0 .o 
+ 1.6 
+ 2.1 

i r  
250 
443 
470 

-35.4 
-33.4 
-33.7 
-33.3 
-31.5 
-22.6 
-12.3 

- 4.3 - 4.6 - 3.0 - 2.2 
+ 0.1 
4- 0.2 - 0.4 - 0.2 - 1.0 - 1.5 - 1.3 - 0.9 
+ 0.7 
+ 2.6 - 0.1 

-c.P 
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December 1967 

Test Condi ti ons : 
Angle o f  Attack 5 degrees 
S i'dth 0.024 inches 
B t r i c  Pressure 14.48 psia 

21.97 psia 

0.75 
0.85 
0.95 
1.05 
1.25 

1.55 
1.65 
1.75 

1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2 -30 
2.35 
2.40 
2.45 
2.50 
2.55 
2,60 
2.65 
2 -70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 -00 

1 .a5 

454 

--- 
+ 0-2 - 0.3 
+ 0.1 
+ 0.1 
+ 0.2 
+ 0 *1  
+ 0.1 
+ 0.2 

+ 0.1 
+ 0.1 
+ 0.2 
+ 0.1 
+ 0.2 
+ 0.1 
+ 0.4 
+ 0.2 
+ 0.3 
+ 0.2 
+ 0.2 
=+ 0.6 
+ 0.2 
+ 0.2 

0.0 
+ 0.1 

+ 0.8 
t10.7 
4-21 *2  
t30.5 
+35 e o  

.._.m 

A i r  
100 
449 
485 

AP( i nHg) 

+ 0.1 
0 .o 
0 00 - 0.1 
0 .o 
0.0 - 0.1 - 0.1 
0 .o 

- o e 1  - 0.2 .. 0.7 - 0.1 
0 .o 
0.0 

+ 0.2 
0 .o 
0 .o 
0 .o 

+ 0.1 
+ 0.5 

0.1 
0 .o 

+ 0.2 
+ 3.0 

t14.5 
t29.7 
t32.1 
+39 .O 
+40.8 

--- 

A i  r 
150 
444 
478 

+ 0.3 
+ 0*1 
+ 0.1 

0.0 
+ 0.1 

0 .o 
0 .o 

+ 0.3 
+ 0.1 

+ 0.3 - 0.1 
+ 0.6 
0 .o 
0.0 

+ 0.1 
+ 0.2 
+ 0.2 
0 .o 

+ 0.1 
+ 0.2 
+ 0.6 
t 0.4 
+ 5.8 
t17.7 
t24.3 

t32.2 
t34.4 
4-35.1 
t38.7 
+38.8 

-_- 

-_- 

A i  r 
200 
444 
474 

- 0.4 
+ 0.3 
+ 0.3 - 0.2 - 1 e1 - 1.2 - 0*2 

0 .o - 0.1 

- 0.3 
+ 0.6 - 0.1 - 0.2 - 0.1 - 0.1 
+ 0.1 

0 .o - 0.1 
0 .o 

+ 0.1 
+ 1.6 
t10.1 
t22.1 
+28 e 3 
t31.3 

t35.6 
t37.4 
+37 0 7 
+41 .5 
+43.1 

--- 

0 ,o 
0 .O - 0,2 

+ 0.1 
0.0 - 0.1 

+ 0.4 - 0.1 

- 0.2 - 0.1 
- 0.1 

0 .o - 0.1 
+ 0.1 
+ 0.1 
-+ 0.4 - 0.3 

0.0 
+10,2 
+15.5 
+25 ,, 7 
t30.4 
+33 .O 
+34.3 

+36.2 
4-37.4 
+36 "7  

-_e. 

-__ 



122 

(OR) 454 
(OR) 492 

3.20 
3 e25 
3.30 
3.35 
3,40 
3 -50 
3.60 
3.65 
3.70 
3.80 
3.85 
3.90 

.05 
P 20 

4.35 
4 3% 
.80 
.05 

5.30 
5.55 

-25.3: 
-14.8 - 4.7 

1.6 - 0.8 
+ 0.2 
+ 0.1 

- 0.9 - 0.2 - os1 - 200 - 0.2 - 0.3 .. 1.6 - 2.1 - 1.1 - 0.1 
+ 0,4 
+ 0.6 

111, 

0.1 - 0.1 

A i  r 
100 
449 
485 

AP( i nHg) 

-30.2 
-27.4 
-22.9 
-1 4.4 

5.4 - 2.0 - 0.8 

- 0.9 
+ 0.8 
+ 0.7 - 1.9 
d. 1.2 
+ 0.3 - 1.7 - 2.5 - 1.2 
+ 0.1 
+ 0.7 
+ 0.1 
f 0.5 
+ 0*2 
+ 0,8 

1-1) 

A i  r 
150 
444 
478 

AP( i nHg) 

-30.3 
-29.1 
-26.8 
-23,3 
-16.8 - 7.3 
1 3.2 

- 2.2 
0 *o  

+ 0.6 - 2.1 
+ 1.5 

0 .o - 1.6 - 2.7 - 1.8 - 0.2 
+ 0.6 
+ 1.1 
+ 0.8 
t 0.7 
+ 0.9 

--II 

A i  r 
200 
444 
474 

AP( i nHg) 

-31'.2 
-30 .8 
-29 . 7 
-27.8 
-23.0 
-12 .2 - 5.1 

- 3.7 - 1.1 - 0.2 - 2.8 
+ 1.3 - 0.1 - 2.0 - 3.0 - 2.4 - 0.9 
0 .o 

+ 0.8 - 0.1 - 2.1 

--- 

t 0.7 

A i r  
250 
443 
471 

A N  i nHg ) 

-30.2 
-29.5 
-29.1 
-28.5 
-27 -6 
-17.9 - 8.8 

- 3.9 - 1.8 - 0.8 - 3.0 
+ 0.5 - 0.2 - 2.0 - 2.9 - 2.2 - 1.0 
+ 0.3 
+ 1.4 
+ le5 
+ 0.5 
+ 0,2 

-I- 
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TABLE F9 

Date: 5 December 1967 

Test Condi ti ons : 
Angle o f  Attack 0 degrees 
Slot Width 0.024 inches 
Barometric Pressure 14.50 psia 
Local S t a t i c  Pressure 17.39 psia 

Injectant  A i r  A i  r A i  r 
p, ( P S W  50 100 150 

, T  '(-OR) 458 45 1 450 
~ PP 
Tos (OR) 449 490 484 

Data: 

X ( h )  

0.75 
0.85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.64 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 .OO 

AP( inHg) 

--- 
- 0.1 
+ 0.1 - 0.1 - 0.2 - 0 0 2  
+ 0.1 
+ 0.1 
0 .o 

+ 0.1 
+ 1.0 - 0.1 - 0.3 
+ 0.2 
+ 0.1 - 0.1 - 0.2 
0 .o 

+ 0.1 
+ 0.3 
+ 0.2 
+ 0.3 
+ 0.5 
+ 0.6 
+ 0.3 

+ 2.3 
t16.8 
t21.3 
+24 -4 
t28.4 

--- 

--- 

LIP( i nHg ) 

--- 
+ 0.1 
+ 0.3 
+ 0.1 
+ 0.2 
+ 0.1 
+ 0.2 
+ 0.4 
+ 0.1 

+ 0.3 
+ 0.4 
+ 0.1 
+ 0.3 
+ 0.5 

+ 0.2 
+ 1.0 
t 1.3 
+ 0.4 
+ 0.3 
t 0.4 
+- 0.2 
+ 0.4 
+ 1.8 
+ 4.3 

t22.4 
t27.2 
t28.4 
t29.7 
t32.2 

--- 

t 0.3 

--- 

AP(  inHg) 

--- 
+ 0.1 
+ 0.3 
0.0 - 0.1 - 0.1 
0 .o 
0.0 - 0.1 
0 .o 

+ 1.3 
0.0 - 0.2 
0 .o 

+ 0.3 - 0.1 
0 .o 

+ 0.2 - 0.1 
+ 0.3 
+ 4.6 
t16.1 
t20.8 

--- 

f 0.7 

t22 03 --- 
t27.2 
t29.8 
t30.2 
t30.7 
t32.1 

A i  r 
200 
449 
478 

AP( inHg) 

- 0.1 
+ 0.1 - 0.2 - 0.2 - 0.3 - 0.3 - 0.3 
4 0.2 
+ 0.5 

- 0.2 
+ 1.2 
+ 0.7 - 0.4 
+ 0.8 - 0.2 
0 .o 
0.0 - 002 

+ 0.2 
+ 0.7 
+ 7.6 
t20.5 
+25 .O 
t26.5 
t27.6 

t30.4 
+31 .1 
t30.8 
t31.0 
t33.4 

--- 

A i  r 
250 
449 
473 

LIP( inHg) 

--- 
+ 0.1 
+ 0.3 - 001 - 0.1 - 0.1 
0 .o 
0 .o - 0.1 

- 0.1 
+ 0.5 
0.0 - 0.3 

+ 0.9 - 0.2 
+ 0.1 
+ 0.5 
+ 0.4 

+ 1.1 
t18.8 
4-20 .6 
t25.8 
t28.6 
t29.5 

t27.9 
+30.4 
t30.7 
t31.3 
+35 .o 

--- 

t 0.4 

--- 
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TABLE F9. (Continued) 

Data: 
In jectant  
Po, ( P S i d  
Top (OR) 

To, (OR) 

N i n )  

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3 -60 
3.65 
3.70 
3.80 
3.85 
3.90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

A i  r 
50 
458 
499 

AP(  nHg) 

-21.5 
-16.8 - 8.3 - 2.5 - 1.5 - 1.4 
+ 0.1 
+ 0.5 
0.0 

+ 0.4 

+ 0.8 - 0.5 - 2.8 - 1.5 - 2.5 - 2.2 - 0.9 - 0.5 - 0.2 
0 .o 

+ 0.2 

--I 

--- 

Air A i  r A i  r A i  r 
100 150 200 250 
45 1 450 449 449 
490 484 478 473 

AP(inHg) AP(inH& AP(inHg) AP(inH& 

-22.9 
-21 05 
-19.7 
-14.5 - 7.2 - 4.9 - 2.3 
+ 0.4 
+ 0.1 
+ 0.4 

--- 

--- 
- 2.1 - 0.3 - 1.9 - 2.1 - 3.4 - 1.7 - 0.8 - 0.1 
+ 0.1 
+ 0.4 
+ 1.0 

-22 02 
-20 . 9 
-20.8 
-20 00 
-13.7 - 9.8 - 3.6 
- 1.2 
= 0.9 - 0.6 
+ 2.1 
0 .o - 2.1 - 2.4 - 3.4 - 1.8 - 0.7 

+ 0.1 
+ 1.2 
+ 0.3 
+ 1.5 

--- 

--- 

-21.9 
-20.5 
-20.7 
-22.3 
-18.7 
-1 4.4 - 6.2 
- 2.4 - 1.6 - 1.5 
+ 1.0 - 0.1 - 1.4 - 1.5 - 2.4 - 1.9 - 0.9 
0 .o 

+ 1.6 
+ 2.2 
+ 1.9 

--- 

-24.9 
-21.4 
-21.2 
-23.5 
-21.7 
-18 .O - 8.7 
- 3.7 - 4.0 - 3.3 
+ 1.0 
+ 1.7 - 3.8 - 2.3 - 2.4 - 1.2 - 0.4 
+ 0.3 
+ 0.4 
+ 1.1 
+ 1.1 

-0- 
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TABLE F10 

Date: 6 December 1967 
Test Conditions: 

Angle o f  Attack -5 degrees 
Slot Width 0.024 inches 
Barometric Pressure 14.41 psia 

13.48 psia Local Sta t ic  Pressure 

In jectant  Air 
Data: 

Po, ( P S W  50 
Top (OR) 

To, (OR) 

x( in) 

0.75 
0.85 
0.95 
1.05 
1.251 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
.255 
2.60 
2.65 
2.70 
2.75 
1.80 
2.85 
2.90 
2.95 
3 .oo 

469 
503 

AP( i nHg) 

+ 0.1 
+ 0.1 
+ 0.1 
+ 0.1 
+ 0.1 
+ 0.2 
+ 0.1 
000 

+ 1.1 
0 .o - 0.1 

+ 0.1 
0.0 

+ 0.2 
+ 0.2 - 0.1 - 0.2 - 0.1 - 0.2 - 0.3 - 0.5 
+ 0.6 
0.0 
0.0 - 0.3 

+ 0.3 

+ 1.0 
+ 5.2 
+ 8.7 
+F2.4 
+13.9 

--- 

A i  r 
100 
46 1 
496 

AP(  1 flHg) 

0.0 
' 0.0 
+ 0.1 
+ 0.1 
0 .o 

+ 0.1 
+ 0.1 

0 .O 
.I. 0.2 
+ 0.1 
0.0 

+ 0.2 
= 0.1 
+ 0.1 
+ 0.3 
+ 0.1 - 0.2 
0 .o - 0.2 - 0.3 - 0.4 

+ 0.5 
0.0 
0.0 

+ 2.4 
+ 6.3 

+ 8.3 
+21.9 
+22.2 
+25 .O 
+24.1 

--- 

Air 
150 
459 
490 

AP(  i nHg ) 

- 0.1 
+ 0.1 
0.0 
0 .o 

t 0.1 
0.0 - 0.1 

+ 0.1 - 1.1 
+ 0.3 - 0.1 
+ 0.1 - 1.0 
+ 0.2 
+ 0.4 
0.0 - 0.2 - 1.2 - 0.2 
0 .o 

* 0.0 
+ 0.8 
+ 0.8 
+ 3.0 
+18.2 
+20 .o 
+10.8 
+24.1 
+24.6 
+25.2 
+24.3 

--- 

A i  r 
200 
458 
488 

AP( i flHg) 

- -- 
+ 0.1 - 0.1 
0.0 

+ 0.1 
0 .o 
0 .o - 0.1 - 0.3 

- 0.2 
+ 0.3 - 0.2 
+ 0.1 

+ 0.2 - 0.2 - 0.5 
0 .o 

+ 0.1 
+ 0.9 
+ll.9 
+13.8 
+19.9 
+23 .O 
+23.5 

+23.1 
+25 .O 
+25.4 
+25.6 
+24.8 

- + 0.1 

+ 0.4 

--e 

A i  r 
250 
45 7 
483 

AP( inHg) 

+ 0.1 
0 .o 
0 .o 

+ 0.1 
+ 0.2 
4. 0.1 
+ 0.1 
+ 0.2 
+ 0.3 

- 0.2 
+ 0.6 - 0.2 
+ 0.4 
+ 0.8 
+ 0.5 
+ 0.2 - 0.6 
+ 0.1 
+ 0.1 
+13.9 
+20.8 
+19.6 
+22.7 
+26.2 

--- 

+26.2 --- 
t24.2 
+25.4 
+25.8 
+25.5 
+24.6 



TABLE F10. ( Con t i nued) 

Data: 
Injectant 
Po, ( P S i d  
Top (OR) 

To, (OR) 

X( i n )  

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.65 
3.70 
3.80 
3.85 
3.90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

126 

A i  r 
50 

469 
503 

AP( intis) 

-15.7 
-12.5 - 9.1 - 2.8 - 1.0 - 2.2 - 0.7 

+ 0.3 - 0.3 
+ 1.0 
+ 1.5 
t 0.6 
+ 1.5 
= 0.2 
+ 1.8 
+ 0.3 - 0.6. - 0.1 
+ 0.4 
+ 0.5 

+ 0.3 

--- 

- 0.3 

A i  r A i  r Af r A i  r 
100 150 200 250 
46 1 459 458 457 
496 490 488 483 

AP(inHg) AP(inHg) AP(inHg) AP(inHg) 

-1 7.9 
-16.6 
-16.2 
-11 *9 - 7.9 - 5.5 - 3.3 

- 1.6 - 2,.5 - 0.3 
+ 0.1 
4 0.1 
+ 0.5 - 1.8 
+ 0.8 - 1.5 
= 1.6 - 1.3 
* 0.8 - 0.5 - 1.6 - 0.8 

-9- 

-16 .O 
-16.4 
-16.7 
-15.5 
-13.4 - 9.2 - 4.8 

- 2.2 - 24. - 1.3 - 1.1 
+ 0.1 
+ 0.6 - 2.2 - 0.1 - 1.8 - 1.8 - 1.8 - 1.1 - 0.4 - 1.2 
+ 0.2 

--- 

-18.0 
-16 .O 
-16.4 
-15.7 
-15.6 
-12.6 - 7.1 

- 2.2 - 2.9 - 2.1 - 1.9 
.. 0.6 
+ 0.8 - 2.5 - 0.5 - 1.6 - 1.7 - 2.0 - 1.2 

0 .o - 1.2 
+ 0.5 

--- 

-18.5 
-16.4 
-16.6 
-16.2 
-16.9 
-14.9 - 9.8 

- 3.0 - 4.4 - 2.8 - 2.6 - 1.2 
+ 0.8 - 3.. 1, 
0 1.0 - 1.8 - 2.1 - 2.4 - 1.6 - 0.3 - 2.0 - 0.9 

-11- 
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TABLE F11 

Date: 4 December 1967 
Test Condi ti ons : 

Angle o f  Attack 5 degrees 
Slot Width 0.024 inches 
Barometric Pressure 14.53 psia 
Local S ta t ic  Pressure 

Data: 
In jectant  Argon 
Po, (psi91 150 
Top (OR) 
Tos (OR) 

X( i n )  

0.75 
0 -85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 

1 -95 
2.05 
2.10 
2.15 
2 -20 
2.25 
2.30 
2.351 
2.40 
2 -45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 .OO 

1 .a5 

45 1 
473 

AP( i nHg) 

- 0.1 
+ 0.31 
+ 0.11 
+ 0.3 
+ 0.4 
+ 0.1 
0.1 
0.8 
0.0 

0 .o 
0.0 

+ 0.1 
0 .o - 0.9 

+ 0.1 - 0.2 
0 .o 

+ 0.1 - 0.1 
+ 0.4 
+ 1.2 
t10.1 
4-20.3 
t25.6 

0-0 

- 0.1 

--- 
t30.3 
t33.8 
t34.6 

t33.4 
t33.a 

22.08 psia 

He1 i m 
150 
456 
492 

AP( i nHg) 

-I- - 0.4 - 0.3 - 0.4 - 0.2 - 0.3 - 0.4 - 0.4 - 0.3 - 0.5 - 0.4 - 0.3 - 0.4 - 0.4 
= 0.3 - 0.1 - 0.2 - 0.4 
0 .o - 0.2 - 0.2 

+ 0.6 
+ 4.8 
t17.8 
+25.4 
+29.0 

t33.5 
+35 7 
+36.2 
+36.5 
+36.8 

--- 

Nitrogen 
150 
453 
484 

AP( i nHg) 

..-o - 0.1 
+ 0.1 

0 
+ 0.1 

0 
+ 0.1 

0 
+ 0.2 

0 
+ 0.1 
+ 0.1 - 0.2 
0.0 
0 .o 

- 0.1 
0 .o 
0 .o 

+ 0.1 
+ 0.4 
+ 0.6 
+ 6.7 
t18.6 
+25 .O 

+32 .O 
+34 1 
t34.6 
t33.2 
t32.8 

- 0.2 

- 0.2 

--- 

Argon 
200 
451 
463 

AP( i nHg) 

0 .o 
4- 001 
+ 0.1 
+ 0.2 
t 0.2 
0.0 - 0.2 - 0.2 - 0.1 - 0.1 - 0.1 - 0.2 - 0.1 - 0.2 - 0.2 

- 0.2 
0 ;o 

+ 0.1 - 0.5 
+ 5.1 
t16.9 
t25.5 
t29.7 

0 - m  

- 0.1 

+3i .a --- 
+34.8 
t36.6 
+36.3 
+33.6 
t33.4 
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TABLE F11 (Continued) 

Data: 
Injectant Argon 
Po, ( P S W  150 
Top (OR) 45 1 
Tos (OR) 473 

X( in )  

3.20 
3.25 
3.30 
3.35 
3.40 

. 3.50 
3.60 
3.65 
3.70 
3.80 
3.85 
3.90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

AP( i nHg) 

-29.9 
-29.3 
-29.2 
-26.7 
-20.8 - 9.6 - 3.5 

- 1.9 - 0.3 
+ 0.1 

+ 1.2 - 0.3 - 1.4 - 2.4 - 1.5 - 0.3 
+ 0.2 
+ 0.9 
+ 0.9 
+ 0.7 
3.0 

--- 

-I- 

Helium 
150 
456 
492 

AP( i nHg) 

-25.9 
-25.6 

-23.7 
-1 5.4 - 4.1 
+ 0.5 

+ 1.3 
+ 2.0 
+ 1.4 

+ 1.0 
+ 0.7 - 0.4 - 1.1 - 0.9 - 0.7 - 0.2 
+ 0.7 - 0.1 - 0.5 - 1.1 

-25 06 

--- 

Nitrogen 
150 
453 
484 

AP( inHgl 

-31.2 
-30.2 
-28.4 
-23.4 
-16.7 

- 3.7 

= 2.5 - 0.3 
+ 0.1 

+ 1.3 - 0.1 - 1.7 - 2.8 - 1.8 - 0.3 
+ 0.3 
+ 0.9 
+ 1.8 

+ 0.1 

- 8.3 

-- - 

+ 0.5 

Argon 
200 
45 1 
463 

AP( i nHq 1 
-29.7 
-29 1 
129.2 
-29.2 
-26 .4 
-1 7.6 - 8.0' 

- 3.6 - 1.2 - 0.3 

+ 0.9 - 0.2 - 1.4 - 3.3 - 2.1 - 0.7 
+ 0.1 
+ 1.0 
+ 1.2 
+ 0.8 
+ 0.3 

--- 

--- 
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TABLE F12 

Date: 7 December 1967 
Test Conditions: 

Angle o f  Attack 5 degrees 
S l o t  Width 0.024 inch@ 
Barometric Pressure 14.36 psia 
Local S t a t i c  Pressure 

In jec tan t  Argon Argon He1 i urn He1 i urn N i  trogen N i  frogen 

21 -57 ps ia  
Data: 

POS ( P S W  50 100 50 100 50 100. 

TOP (OR) 

T*, (OR) 

x(in), 

0.75 
0.85 
0.95 
1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 
3 .OO 

458 453 453 453 456 453 
500 488 497 498 497 496 

APlinHg) AP( inHg) AP(inHg) AP(inHg) AP(inH9) 

-99 -..- 
t 0.1 - 0.2 - 0.2 - 0.2 - 0.2 - 0.2 - 0.1 - 0.1 - 0.1 - 0.3 - 0.2 - 0.4 - 0.2 - 0.4 - 0.3 - 0.3 - 0.1 - 0.3 - 0.1 - 0.3 - 0.1 - 0.2 - 0.3 - 0.4 - 0.1 - 0.3 - 0.1 - 0.3 

0.0 * 0.3 - 0.2 - 0.1 - 0.2 - 0.2 
0.0 - 0.2 
0.0 - 0.1 - 0.1 - 0.3 - 0.1 - 0.2 
0.0 - 0,2 - 0.3 - 0.3 - 0.2 - 0.1 - 0.2 + 3.5 

+ 0.4 +22.9 
+10.7 +29.7 
4.29.4 t32.2 
+27.1 t32.7 
+30.9 +32.2 

--- 

--- - 0.1 - 0.1 - 0.1 - 0.1 - 0.1 - 0.3 - 0.3 
+ 0.2 - 0.1 - 0.2 - 0.2 - 0.1 - 0.1 

0 .o - 0.1 - 0.1 - 0.1 
+ 0.1 
0.0 
0.0 
0.0 
0 .o - 0.1 - 0.1 
0 .o 

+ 0.5 
- +13.8 
+22.4 
t27.2 
+30.7 

--- 

--- 
- 0.1 - 0.1 

0 .o 
0.0 
0 .o - 0.1 - 0.1 

= 0.2 - 0.1 
+ 0.2 - 0.1 - 0.1 - 0.1 
+ 0.1 - 0.1 - 0.1 - 0.1 

0 .o 
+ 0.1 
+ 0.1 
+ 0.2 - 0.1 

0 .o 
+ 2.1 
+13.2 

+24.8 
+30.2 
+32 .O 
+33.4 
t32.9 

--- 

-0 -  

-0- 

-I- 

+ 0.8 
= 0.2 - 0.3 - 0.1 - 0.2 - 0.3 - 0.2 - 0.4 - 0.2 .. 0.4 - 0.2 - 0.2 - 0.1 - 0.2 - 0.1 - 0.1 - 0.1 
0 .o - 0.2 - 0.1 - 0.4 - 0.2 

- 0.1 

+ 0.3 
+11.4 
+21.7 
+26 . 7 
+30.3 

AP( inti$) 

--- - 0.2 - 0.2 - 0.2 
-0 . 1 - 0.2 - 0.4 - 0.3 - 0.3 - 0.3 - 0.4 
= 0.2 - 0.3 - 0.3 - 0.3 - 0.2 - 0.3 - 0.3 - 0.1 
= 0.1 
= 0.2 - 0.2 

0 .o - 0.2 
+ 0.2 
+ 3.7 

+20.8 
+3U .2 
+31.9 
+32.8 
+32.3 

--- 
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TABLE F12 (Continued) 

Data: 
Injectant Argon Argon He1 i urn He1 i urn Nitrogen Nitrogen 
Po* ( P S W  50 100 50 100 50 100 

X( in) 

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3.60 
3.65 
3.70 
3.80 
3.85 
3.90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

458 453 453 453 456 453 
500 488 497 498 497 496 

AP(inHg) AP(inHg) AP(inHg)AP(inHs) AP(inHg) AP(inHg) 

-23.1 -28.3 
-16.1 -25.5 - 4.5 -23.8 - 1.4 -18.0 - 0.8 - 9.7 - 1.2 - 3.7 - 0.2 - 1.7 
- 0.6 - 1.2 - 1.1 - 1.0 - 0.9 - 0.3 
- 1.0 - 0.2 - 0.2 - 0.6 - 2.2 - 2.5 - 1.6 - 1.7 - 0.7 - 0.7 
+ 0.1 .+ 0.3 
+ 0.5 + 0.7 
- + 0.5 + 0.7 
+ 0.1 0 .o - 0.7 - 0.8 
+ 1.5 -0- 

9-0 --.. 

--- --II 

- 7.1 - 3.2 
+ 0.3 
+ 1.8 
+ 1.6 - 0.5 
+ 0.1 

- 0.8 - 1.4 - 1.3 
- 1.4 - 0.7 - 2.0 - 1.4 - 0.9 - 0.5 - 0.2 
0 .o - 0.5 - 0.9 

+ 2.9 

--- 

-24.5 
-1 9.6 
-19.5 
-14.0 - 4.9 - 0.6 - + 0.8 

- 0.4 - 0.6' - 0.7 - 1.0 - 1.0 
0 .o - 1.6 - 1.2 - 0.7 - 0.6 - 0.3 

+ 0.2 - 0.6 - 1.1 
+ 2.0 

--I 

-25.9 
-17.7 - 6.3 - 3.3 - 2.3 - 2.5 - 1.3 
- 1.6 - 2.3 - 1.9 
- 2.1 - 1.3 - 3.3 - 2.7 - 1.8 - 0.9 - 0.7 - 0.6 - 1.1 - 1.7 
+ 0.4 

--- 

--- 

-26.9 
-23.1 
-21.8 
-16.7 - 9.2 - 4.5 - 2.1 
- 1.2 - 1.1 - 0.2 
- 0.1 
+ 0.7 - 2.9 - 1.5 - 0.3 
+ 0.7 
+ 0.8 
+ 0.9 
+ 0.2 - 0.2 
+ 1.8 

-I).. 
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TABLE F13 

Date: 8 December 1967 

Test Conditions : 
Angle o f  Attack 5O 
S1 o t  Width 0.024 inches 
Barometric Pressure 14.46 psia  
Local S ta t ic  Pressure 21.86 psia 

Data: 
1 n j e c  tant  
Po, ( P S W  
Top (OR) 

Tos (OR) 

X( i n )  

0075 
0.85 
0.95 

' 1.05 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 
1.95 
2 -05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
2.80 
2.85 
2.90 
2.95 . 
3 .OO 

Nitrogen 
50 

45 3 
489 

AP( inHg) 

-I- - 0.2 - 0.2 - 0.1 
+ 0.1 

0.0 - 0.3 - 0.3 
+ 0.3 - 0.3 - 0.2 - 0.4 - 0.3 - 0.3 - 0.2 - 0.3 - 0.2 - 0.2 - 0.1 
= 0.1 - 0.1 - 0.1 - 0.1 - 0.3 - 0.4 - 0.2 

- 0.1 
+l l  .o 
t21.2 
t26.6 
t30.2 

--- 

Nitrogen 
100 
457 
49 7 

AP( i n H d  

0.0 - 0.1 
+ 0.1 - 002 - 0.1 - 0.1 - 0.1 - 0.1 - 0.2 - 0.1 - 0.1 
0 .o - 0.1 
0.0 

+ 0.1 
+ 0.1 
+ 0.1 
+ 0.3 
+ 0.2 
+ 0.1 
+ 0.11 - 0.1 - 0.2 
+ 0.3 
+ 4.1 

4-22.6 
t29.7 
+32.7 
t23.0 
+32.6 

--- 

--- 

Ethane 
50 

454 
481 

AP( i n H d  

-..- - 0.2 - 0.1 - 0.1 - 0.2 - 0.1 - 0.2 - 0.2 - 0.2 - 0.2 - 0.2 - 0.3 - 0.3 - 0.2 - 0.1 - 0.1 - 0.2 - 0.2 
0.0 
0 00 - 0.2 
0 .o - 0.3 - 0.4 - 0.3 - 0.3 

- 0.2 
+ 9.4 
4-20.9 
t26.9 
t30.9 

--- 

Ethane 
100 
454 
480 

AP( inHg) 

- 0.2 - 0.1 - 0.1 
0 .o - 0.1 - 0.1 - 0.1 

+ 0.3 - 0.2 - 0.1 
+ 0.3 - 0.1 - 0.1 

0.1 
0 .o 
0 .o - 0.1 

+ 0.1 
+ 0.3 
0 .o 

+ 0.3 
0 .o - 0.2 

+ 0.2 
+ 3.5 

t21.9 
t29.2 
+32 .O 
+33.0 
t32.5 

-I- 

-9- 
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TABLE F13. (Continued) 

Data: 
In jectant  
Po, ( P S i d  
Top (OR) 

To, (OR) 

x( in) 

3.20 
3.25 
3.30 
3.35 
3.40 
3.50 
3 -60 
3.65 
.370 
3.80 
3.85 
3.90 
4.05 
4.20 
4.35 
4.55 
4.80 
5.05 
5.30 
5.55 
6.05 
6.55 
7.05 

Nitrogen 
50 
453 
469 

AP(inH& 

-25.1 
-15.5 - 4.9 - 23. - 1.4 - 1.6 - 0.4 
- 0.8 - 1.3 - 0.9 
- 1.1 - 0.3 - 2.5 - 1.9 - 0.9 
0 .o 

+ 0.3 
+ 0.5 
0 .o 

+ 0.3 
+ 3.2 

--- 

Nitrogen 
100 
457 
497 

AP( i nHq) 

-27.8 
-24.9 
-21.8 
-1 7.3 - 9.0 - 4.7 - 1.6 
- 1.0 - 0.8 - 0.2 
0 .o 

+ 1.2 - 2.9 - 1.8 - 0.5 

--- 

--- 

+ 0.6 
+ 0.8 
+ 0.8 
-k 0.2 
-k 0.4 
+ 2.7 

Ethane 
50 
454 
481 

AP( i nHg) 

-26.2 
-14.0 - 6.0 - 1.9 - 1.0 - 1.4 

0 .o 
- 1.5 - 1.0 - 0.6 
- 0.9 
0 .o - 2.4 - 1.9 - 0.8 
0 .o 

+ 0.5 
+ 0.5 
0.0 - 0.5 

= 0.4 

..I- 

-9- 

Ethane 
100 
454 
480 

AP( inHg) 

-29.3 
-26 . 1 
-21.2 
-12.4 - 6.3 - 5.1 - 1.9 
- 1.2 - 1.1 - 0.4 
- 0.2 
+ 1.0 - 3.1 - 2.1 - 0.8 
+ 0.5 
+ 0.8 
+ 0.8 
+ 0.1 - 0.5 
+ 1.7 

--- 

-0 
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APPENDIX G 

SAMPLE CALCULATIONS 

The sample ca lcu lat ions are car r ied  out  f o r  a i r  as the 

secondary gas, an angle o f  a t tack o f  150, a s l o t  width o f  0.024 inches, 

and a secondary stagnation pressure o f  150 psig. The re la t ions  between 

the t o t a l  and s t a t i c  conditions were obtained from the one dimensional 

compressible f low functions o f  rea l  a i r  f o r  an isent rop ic  process 

contained i n  the A i r  Tables( 103). 

1. Test Conditions 

Angle o f  Attack 15 degrees 

S1 o t  width .024 inches 

S lo t  area .0451 square inches 

Secondary gas A i  r 

Barometric pressure 14.58 ps i  

2. Data 

114.58 psia Primary t o t a l  pressure P 

Secondary t o t a l  pressure Po, 164.58 psia 

441 OR Primary t o t a l  temperature T 

Secondary t o t a l  temperature Tos 474 OR 

Local s t a t i c  pressure wi thout i n j e c t i o n  34.23 psia 

Separation distance, upstream (camera) 

OP 

OP 

0.50 inches 
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Separation d i  stance , downstream 

(camera) 0.45 inches 

Separation distance, upstream (pressure 

data) 0.55 inches 

Separation distance, downstream 

(Pressure data) 0.60 inches 

3. Calculated Results 

Speed o f  sound, secondary as* = V, 

(a*)'= gkRTs = ghR( 0 .830QTOs) (1 1 

(a*)2= 32.2 (1.4) (53.35) (0.8300) (474) 

a* = Vs = 974 fps 

Secondary Weight Flow 

0 PsVsA I (0.5270) PosVsA 
W = psVsA'= RTS R( 0.8300) Tos 

; = (  0.5270) (164.58) (53.35) (974) (.0451) 
53.35 (0.8300) (474) 

= 0.1809 lb/sec 

Integrated pressure, upstream o f  s l o t *  7.350 1 b/inch 

Integrated pressure, downstream o f  slot*-4.465 1 b/inch 

Net aerodynamic force* 2.885 1 b/inch 

*Obtained from IBM 7094 Computer, FORTRAN I V  program f o r  Simpson's rule,  
manometer data from TABLE F 
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Normal Jet Force 

. 
Fj = '"s - t ( P  -P ) A - '"s + (0.5270 Po,-P,)A (3 )  

9 
s a  

g 

809) ( 9741 t ( ( 0.5270) ( 164.58) - ( 34 2 3 )  ) ( .0451) 32.2 Fj = 

Fj = 7.820 lbs 

Free Stream Normal Force 

Fa = (Pain psig)(Model width)( Integration length) (4) 

= (19.65)(1.981)(1.30) Fa 

Fa = 50.09 lbs 

In  terati on Force 

Fi = JNet Aerodynamic Force)(bbdel width) (5) 

Fi = (2.885)(1.981) = 5.715 lbs 


